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Abstract 
 Femoral anteversion has recently gained popularity in research in light of its practical 
applications in hip replacement surgery. Previously, surgeons would estimate the placement of a 
prosthetic femoral neck by standards based on homogenous populations of Caucasian males. 
This research project seeks to correct this bias by exploring the variation in femoral anteversion 
by sex, ethnicity, body mass index, and age. Furthermore, this study tested for a correlation 
between angle of anteversion and occurrence of osteoarthritis in individuals over the age of forty. 
Three hundred sixty pairs of femurs from the Hamman-Todd collection at the Cleveland 
Museum of Natural History were individually measured using the National Institute of Health 
program, ImageJ64. Using Stata, I then analyzed my angle measurements to determine if any of 
my factors correlated with a significant variation in femoral anteversion. My analysis showed 
significance for sex (male > female), and age (angles decreasing with age). The decrease of 
angles with age was consistent with projections in previous studies showing a decrease in angles 
from birth until the mid-twenties. However, most existing literature shows significant for females 
> males instead of the opposite. The unexpected correlation between females and smaller angles 
of anteversion illustrates the complex nature of anteversion variation and the need for further, 
more specific research.  
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Introduction 
 
 
The advance of population-based medicine in recent years has increased demand for 
population-based research in the biological sciences. For surgeons performing hip replacements, 
population-based studies on femoral anteversion provide valuable knowledge regarding the 
optimal position of a replacement femoral neck. This study intends to explore the range of 
variation in femoral anteversion by several factors: sex, ethnicity, age, and body mass index. 
Human dimorphism manifests itself in a variety of differences between males and females, one 
of which may be the degree of femoral anteversion. Additionally, biological ancestry influences 
physiology of descendant groups and may also influence femoral anteversion. In particular, little 
information exists regarding differences in femoral anteversion angles between black Americans 
and white Americans; this study attempts to remedy this gap in the literature by specifically 
comparing these two ethnic groups.  
 Variation in femoral anteversion by age is also a topic of interest, as the literature has not 
yet reached a conclusion on the possible effects of age. Over the course of a lifetime, our bones 
gradually change shape, resulting in changes as small as cell arrangement to as evident as the 
curved spines characteristic of the elderly. Especially given the elderly demographic most likely 
to experience hip fractures, knowing age-related changes in the angle of anteversion is essential 
for successful treatment. Furthermore, the obesity epidemic necessitates research involving the 
influence of body mass index on anteversion angles. If increased weight influences femur 
morphology, doctors and surgeons need to know to better treat their increasingly obese patients.  
 Lastly, this study looks into the influence of anteversion angle on occurrence of 
osteoarthritis of the knee. While it is well known that overuse of the knee through sports or other 
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physical activities can result in premature wear of cartilage and joint degeneration, the influence 
of physiological factors such as anteversion angle on the occurrence of osteoarthritis is unknown. 
As osteoarthritis can be a severely debilitating disease, knowledge of any and all risk factors 
assists physicians in early diagnosis and treatment, thus limiting the effects of osteoarthritis.  
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Evolution of the Human Knee 
 
 Before we can begin to discuss the variation in femoral anteversion, we must first 
understand its context. Femoral anteversion involves the twisting of the femur from the hip down 
to its condyles, which articulate with the patella and tibial plateau to form the knee. Depending 
on the angle of femoral anteversion, the articular arrangement of the knee can be significantly 
altered. The knee is a complicated joint which can easily encounter problems if its delicate 
structures stray from the ideal positions developed over millions of years. To best understand 
these structures, let us examine the evolutionary history of the knee.  
 One of the most unique characteristics about Homo sapiens is our bipedal locomotion. In 
fact, no other mammal maneuvers in the way we do. Our shift to bipedality freed our hands for 
other tasks, leading to the advance of tool making and material culture. Without the shift to 
bipedality, we surely would not be the highly developed beings we are today. However, as 
integral as bipedalism is to our way of life, we often take for granted the complex anatomical and 
physiological changes bipedal locomotion requires. Our ancestors sacrificed arboreality, 
opposable toes, and even the ease of childbirth for upright movement. Even today, if not for the 
advent of modern medicine, some thirty percent of mothers and offspring would perish in 
childbirth due to the pelvic changes associated with bipedal weight-bearing. Even on a daily 
scale, the structures allowing us to move bipedally are in a delicate balance between function and 
failure. An intricate array of cartilage, tendons, and ligaments bind the three bones of our knee, 
namely the femur, tibia, and patella. To best appreciate the complexity of the knee joint, 
however, we must first understand its origins.  
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One of the first predecessors to the modern knee appears in the ancient lobe-fishes of the 
Dinovian period, known as Elpistostegalians (Dye, 1987). The most famous of this order is the 
fossil fish, Tiktaalik roseae, who lived in the Mississippi region roughly 370 million years ago. 
These fish migrated into shallow, swampy areas and used their fins to lift themselves above the 
surface to breathe air (Dye, 1987). The bony fins Tiktaalik used to lift itself up have analogous 
structures to later radii, ulnae, humeri, femora, tibiae, and fibulae. Over time, weight-bearing use 
changed the proto-limb morphology to that of a primitive limb. Twenty million years later, lobe 
fish evolved into the primitive amphibians, Ichthyosteglians, who sported webbed feet and the 
first recognizable knee in the fossil record (Dye, 1987). The hind limbs of Ichtyosteglians had 
distinct femora, tibiae, and fibulae, similar to those found in modern amphibians (Herzmark, 
1938). Also like modern amphibians, the knee is fixated in a nearly perpendicular angle, 
resulting in the swaying gait seen in salamanders today. While primitive amphibians such as 
salamanders lack any other sophistication in their knees, other amphibians possess more complex 
knee structures. The knees of frogs, for instance, have crescent-shaped thickenings in the 
interarticular membrane suggestive of the cartilaginous menisci found in knees of higher orders 
(Herzmark 1938). Additionally, frogs and all higher species demonstrate posterior displacement 
of the femur along the tibial plateau during flexion. The process of displacement is often likened 
to a four-bar linkage system, where the interarticular membranes cross and slide posteriorly 
(Dye, 1987).1 
 The fossil Eryops (roughly 320 million years old) marks a split from the amphibian 
lineage and that of reptiles, birds, and mammals (Dye, 1987). . Eryops possessed adaptations 
beyond the basic knee of the amphibian, such as a femur with two distal condyles articulating 
with flattened tibial plateau. Furthermore, Erypos had a complex system of ligaments, including 
                                                
1 See Figure 1 for diagram of four-bar linkage system 
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cruciate ligaments, collateral ligaments, and fully formed menisci, all of which are present in its 
descendants (Dye, 1987). The cruciate ligaments provide anterior/posterior support, while the 
medial and lateral collateral ligaments give lateral stability (Lovejoy, 2007). Interestingly, the 
collateral ligaments are surprisingly asymmetrical, with the lateral collateral ligament attaching 
to the lateral fibula and the medial collateral ligament wrapping around to the anterior surface of 
the tibia; this asymmetry remains present through evolution to modern humans (Lovejoy, 2007). 
The menisci further the structural integrity of the knee by cushioning and guiding the movement 
of the ball-like condyles over the slippery tibial plateau (Messner & Gao, 1998).  
 After Eryops, mammalian evolution took its own course. The Mesozoic era saw the dawn 
of many mammalian developments, including further advancements in the knee. Following the 
internal rotation of the femur, mammals became more efficient tetrapods by bringing the axis of 
motion closer to the midline of the animal; with less lateral motion, mammals could put more 
energy into moving forward (Dye, 1987). Furthermore, mammals developed patellae, small 
bones anterior to the knee joint serving as a point of insertion for various muscles involved in leg 
extension, such as the quadriceps. The addition of patellae gave mammals more leverage with 
extending their hind legs, also increasing the efficiency of locomotion. Another feature of 
mammalian knee evolution is the loss of the femoralfibular articulation; however, the femur still 
articulates with the fibula in marsupials, suggesting this development occurred after the split with 
placental mammals (Herzmark, 1938).  
 Within mammals, the origins of human knee anatomy and physiology lie with our 
primate ancestors. To best maneuver through an arboreal landscape, primates developed 
specialized elongated limbs equipped with expanded ranges of motion in their joints. Most 
primates use digitagrady, or movement relying on the digits, to swing through the trees and thus 
Variation in Femoral Anteversion 
 6 
extending their range of motion even further (Lovejoy, 2007). However, our ancestors, the 
hominoid primates, forewent digitagrady in favor of plantigrade movement. Hominoid knees 
compensate for more terrestrial movement and restricted pedal motion with a further enhanced 
range of motion (Lovejoy, 2007). The articular surface of the femoral condyles extends from the 
distal end to the anterior surface, allowing for seamless articulation from the tibial plateau to the 
posterior surface of the patella. During extension, the tibia absorbs most of the force, whereas the 
patella receives the most stress in flexion (Lovejoy, 2007). In non-bipedal primates (all but H. 
sapiens and some of our ancestors), the vast majority of motion occurs with a bent knee, 
resulting in higher patellofemoral force (Foster et al., 2013). With the adoption of bipedality, 
hominins have the opposite problem; most of our motion occurs with an extended leg, and thus 
we have higher tibiofemoral force.  
 The oldest break with hominoid locomotion yet discovered is Ardipithecus ramidus. 
Despite the divergent halux, Ardipithecus is considered to be bipedal passed on partial pelves, 
femora, and tibiae. In contrast, some suggest a composite form of locomotion called a bent-knee 
gait. This gait is similar to that used by chimpanzees when moving bipedally for short periods of 
time, and could potentially represent a transitional phase between quadrupedalism and 
bipedalism (Foster et al., 2013). A bent-knee gait would impact the ratio of patellofremoral to 
tibiofemoral force, as more flexion would place more stress on the patella and less on the tibia, 
as seen in modern humans. The famous specimen, affectionately dubbed “Ardi,” does include a 
complete tibia that could be used to determine the role of the knee and bipidality in Ar. ramidus; 
unfortunately, no formal description or study has been published concerning the mysterious tibia, 
rendering any conclusion regarding Ardi’s knee impossible (Klages, 2011).  
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 Inversely, the descendants of Ardipithecus, australopithecines, have well-documented 
anatomy and the earliest consensus on bipedalism in the fossil record.  Australopithecus 
anamensis, the older of the australopithecines, features a tibia with concave condyles indicative 
of a bipedal weight-bearing gait and much like those found in modern humans (Klages, 2011). 
More famously, the Laetoli footprints preserve bipedal steps contemporary with the 
australopithecines, around 3.5 million years ago (Stern & Susman, 1983). While the Laetoli 
footprints themselves were a leap forward in the study of bipedal evolution, their impact was 
solidified after the discovery of “Lucy.” A member of Au. afarensis dating to 3.2 million years 
ago, Lucy showed marked anatomical changes necessary for bipedality, most notably in the 
pelvis. Furthermore, Lucy showed a marked decrease in phalangeal length and shortened 
forelimbs, both associated with bipedeal locomotion. Au. afarensis also has evidence of femoral 
condylar flattening on the distal surface, much like that seen in modern humans (Ward, 2002). 
The flattened surface increases contact between the femur and the tibia during extension for a 
more balanced stance phase of walking. Moreover, Au. afarensis demonstrates a similar (in fact, 
larger) bicondylar angle versus the virtually nonexistent bicondylar angle in quadrupedal 
primates (Lovejoy, 2007). This “knee-in” angle is essential for centering body weight under the 
torso during bipedal locomotion, furthering the support for a human-like gait in Au. afarensis.  
However, despite these advances, Au. afarensis does not quite have the modern human knee 
construction. The tibial tuberosity, a major muscle attachment site and prominent feature of the 
human knee, is absent entirely from Au. afarensis, resulting in a musculature attachment pattern 
more similar to chimpanzees than modern humans (Stern & Susman, 1983). The retention of 
primitive musculature surely affected the way the knee was extended during walking and most 
likely inhibited efficiency. 
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 While Lucy’s knee lacked modern sophistication, by two million years ago the genus 
Homo arrived with essentially modern knees (McHenry & Corruccini, 1978). After millions of 
years of subtly perfecting the design, the knee emerged featuring elongated femoral condyles 
with flattened distal surfaces and a markedly larger medial vs. lateral condyle.  Mirroring the 
condyles atop the tibial plateau are two well-developed cartilaginous menisci, with the medial 
menisci much larger to accommodate the larger medial condyle. Apart from cushioning and 
guiding the condyles, the menisci also protect the internal cartilage of the joint, which in turn 
reduces the risk of osteoarthritis (Messner & Gao, 1998).  Equally important are the four main 
ligaments providing the framework for knee flexion and extension. As mentioned previously, the 
medial and later collateral ligaments wrap around the lateral surfaces of the knee, with a rounder 
shape and lower insertion for the medial collateral ligament. Internally, the anterior and posterior 
cruciate ligaments cross in the space between the distal femur and the proximal tibia; these 
ligaments are formed of twisted fiber bundles resulting in portions of each ligament being taut 
and relaxed at each point of flexion or extension (Lovejoy, 2007). The asymmetrical and 
somewhat strange positioning of the ligaments in the knee were a mystery until Burmester, a 
mathematician, developed a mathematical formula explaining the rationale to ligament 
placement (Dye, 1987). By overlying two third-degree curves with the four-bar linkage system 
present since reptilian times, the Burmester Curve creates an intricate double figure-eight pattern 
on which all four ligaments easily lie (Dye, 1987).2 
Together, the asymmetrical condyles, menisci, and ligaments construct the “screw home” 
mechanism found in knee motion; this mechanism involves lateral torsion of the femur along the 
tibial plateau (Lovejoy, 2007)). In full extension, the condyles then become essentially locked in 
place to provide most structural integrity for full weight bearing. In function, this is useful for 
                                                
2 See Figure 2 for a visual explanation of the Burmester Curve 
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ensuring one leg will not give out when supporting the entire weight of the individual while the 
opposite leg is lifted.  Unfortunately, this wonderfully supportive system also proves to be one of 
the greatest weaknesses in the human knee. The locked position requires a delicate balance of all 
structures involved, making it an incredibly vulnerable position for external stress. When 
combined with the bicondylar angle, lateral force easily pushes the medial condyle out of its 
cushiony meniscus, resulting in painful ligament and meniscal tears (Messner & Gao, 1998).  
These tears cause significant damage, often requiring surgery and long recoveries for regained 
function. Women are even more at risk for knee injuries, due to the wider pelvis in females 
creating an even larger bicondylar angle; this gender binary, known as the obstetric dilemma, is 
the result of a trade off between an adequately sized birth canal and stability during locomotion. 
While human knees are remarkably complex and efficient joints, substantial weaknesses come as 
the cost of such ingenuity. 
An evolutionary perspective of the knee is essential to properly understand the history 
and function of the variegated structures within. Apart from evolution, the structures of the knee 
are plastic and subject to change throughout an individual’s lifetime. Sexual maturation, 
musculature, and daily activities all shape the way our knee functions. While some features are 
coded in our genes, others are the result of personal experience and use. To properly analyze 
variation in femoral anteversion, one must take into account the influence of both evolution and 
environmental factors.   
Variation in Femoral Anteversion 
 10 
Literature Review 
 
 To best understand the context of this study, one must have knowledge of the stance of 
the relevant literature to date. A great deal of studies exists on the topic of femoral anteversion, 
regarding both its mean and potential variation. This study goes beyond the existing research in 
hopes of filling in gaps in the current literature. To facilitate an understanding of the relative 
position of this research project, comprehensive review of the literature is included below. 
 Femoral anteversion is broadly defined as the angle of rotation from the femoral neck to 
the posterior surface of the condyles (Murphy et al. 1987). For the past century, femoral 
anteversion has been the subject of studies both from a curiosity standpoint for its medical 
significance. The amount of variation in anteversion angles is still widely unknown, particularly 
in how variation changes in different populations.  While scientists agree variation exists, the 
extent to which variation occurs in regard to sex, age, or ethnicity remains debated. A variety of 
studies have looked into variation by sex and generally report females to have more anteversion 
than males, but the results are still conflicted; some studies report no statistical significance 
between the two groups, and others disagree on the amount of dimorphism. Studies investigating 
the correlation between age and anteversion angle generally stop after skeletal maturity (around 
age 18 or 20), leaving variation by age in later years widely unknown. Variation by ethnicity is 
an even greater mystery, with only a few scattered studies in homogenous groups providing any 
insight into potential variation. 
Despite the lack of adequate research, the demand for knowledge about femoral 
anteversion variation has grown in the medical world. With advances in orthopaedic treatments 
relying on recreating original structures in the body that have gone array, knowledge of how to 
best position the neck of the femur is exceptionally valuable. Turley et al. describe the 
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difficulties orthopaedic surgeons face in proper placement of the femoral neck without the 
establishment of proper norms (Turley et al., 2012).  For example, if women were agreed to have 
3 degrees more anteversion than men, surgeons could alter prosthetic placement accordingly. 
Furthermore, beyond establishing population-based norms, the effects of irregular angles of 
femoral anteversion angles remain up for debate. Some studies, such as Eckhoff et al., report 
statistically higher angles of anteversion in individuals with osteoarthritis; yet, other studies, such 
as Akalin, et al., argue that no relationship between angles of anteversion and osteoarthritis of the 
knee exists (Eckhoff et al., 1994; Akalin et al., 2011). While osteoarthritis of the knee is debated, 
studies on osteoarthritis of the hip have produced more cohesive results. Both Tonnis et al. and 
Sanchez et al. found a relationship between decreased anteversion (or retroversion) with 
osteoarthritis of the hip (Tonnis et al.,1999 & Sanchez et al., 2014). Sanchez et al. ascribes this 
correlation to increased stress on the cartilage in the joint, resulting in faster deterioration of joint 
(Sanchez et al., 2014). Determining the relationship between angles of anteversion and 
osteoarthritis could lead to targeted preventative treatment in individuals at a higher risk.   
Scientific investigation of femoral anteversion dates back to the early twentieth century, 
in a series of articles from authors such as Broca and Le Damany (Kingsley & Olmsted, 1948). 
The studies had large sample sizes and age ranges, relatively equal proportions of males and 
females, and focused on anteversion in dry femurs. Despite these similarities, however, early 
anteversion studies produced a variety of results. After Campbell published a study declaring the 
average angle of anteversion to be 25 degrees, Drs. Paul C. Kingsley and K. L. Olmsted decided 
to create a standardized method to determine the exact angle of anteversion and end the 
confusion once and for all (Kingsley & Olmsted, 1948). In 1948, the two doctors published an 
article called “A Study to Determine the Angle of Anteversion of the Neck of the Femur,” which 
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outlined a clear method to accurately measure femoral anteversion. They first place the femur on 
a level, horizontal surface so that the femur rests only on the posterior surfaces of the condyles 
and the greater trochanter. After the femur was in position, the angle was drawn between the 
horizontal axis of the condyles and the axis of the neck. The head of the femur was not taken into 
account in this method, as its position on the neck varies and is often not centered. The axis of 
the neck was determined by taking anterior-posterior measurements of the neck in two locations, 
which were then averaged to find the centerline of the neck. By connecting these two points, a 
line could be drawn along the center of the neck and then extended to the horizontal line of the 
condyles to form the angle of femoral anteversion (Kingsley & Olmsted, 1948). In cases of 
retroversion, the condyes would be suspended on a higher, parallel surface to allow the neck to 
angle downward. Their results produced averages of 7.47 (-17-38) in the left femur and 8.54 (-
20-33.5) in the right (Kingsley & Olmsted, 1948).  
 The Kingsley-Olmsted method remains one of the most commonly used methods for 
measuring anteversion in dry bone studies today.  A 2003 study of Indian femora used the 
Kingsley-Olmsted method alongside a parallelograph method to ensure reliable results (Jain et 
al., 2003) The parallelograph method is vertical instead of horizontal, and involves placing the 
femur in clamps. Once the femur is secure, two metal rods are placed along the axes, similar to 
the lines drawn in the Kingsley-Olmsted method; one is placed along the posterior axis of the 
condyles, and one is placed on the centerline of the neck. The angle is measured from above with 
the use of a protractor (Jain et al., 2003). Their study produced average angles of 8.1 degrees by 
Kingsley-Olmsted and 8.3 by the parallelograph method, with 1.6 degrees more anteversion on 
left-sided bones. After analysis, the study confirmed no statistical difference between the two 
forms of measurement, but restated the Kingsley-Olmsted method as the most accurate to date 
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(Jain et al., 2003) In both methods, when stratified by sex, females had roughly 3 degrees more 
anteversion than males. Jain et al. went further to explore variance by race, as their average of 
8.1-8.3 degrees is significantly lower than the presumed average of 15 degrees in Western 
(European) populations. The authors ascribe this difference in angles to the difference in daily 
life between Indians and Europeans, which could result in different skeletal morphology between 
the two populations (Jain et al., 2003).  
Apart from gender and ethnic differences, anteversion angles vary by age. In particular, 
the angle of anteversion decreases by age from birth until adulthood; whether the angle continues 
to decrease after adulthood is still unknown. The widely accepted rate of angle decrease ranges 
from about 35-40 degrees at birth to a standard 8-15 degrees in adulthood. According to a study 
by Svenningsen, the rate of decline is roughly three to five degrees each year until adolescence, 
and then one or two degrees each year into adulthood (Gulan et al., 2000). The decrease in 
anteversion angle is largely attributed to muscle force acting on the femoral shaft perpendicular 
to the epiphyseal growth plate, resulting in the lateral twist of the bone (Gulan et al., 2000). 
Again, while variation has been heavily documented in the early years of life, the extent to which 
angles decrease in later years of life has not been investigated nearly as thoroughly. A recent 
study by Decker et al. looked into the change in anteversion throughout our lives, with age 
groups of 0-20, 21-40, 41-60, and 60+ (Decker et al., 2013). The study showed no correlation 
between age and angle of anteversion, with the exception of women under 20. The study’s 
conclusion of decreased angled in women and not men is slightly questionable, however, as the 
sample size is over twice as large for men as for women (157 men compared to 57 women).  
Another study by Tamari et al. also looked at the change of femoral anteversion into old 
age (Tamari et al., 2006). The study utilized live subjects of Japanese and Australian ancestry, 
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stratifying by age, sex, and ethnicity. The subjects were divided into groups of 18-29, 30-59, and 
60+ (Tamari et al., 2006). Unlike Decker, et al., Tamari et al. found angles to decrease with age 
(18.7 in the younger population, 17.4 in the middle age group, and 14.7 in the elderly cohort).  
When stratified by ethnicity, however, this decrease was limited to the Japanese, which values as 
high as 24.3 in the youngest group, 17.2 in the middle, and 16.1 in the oldest (Tamari et al., 
2006). Additionally, this study concluded Japanese femurs to have higher angles of anteversion 
than Australians, with averages of 18.8 (+/- 12.4) and 14.4 (+/- 9.4).  In both ethnicities, 
anteversion was significantly higher in females than males, with averages of 19.2 (+/- 11.6) for 
women and 13.5 (+/- 10.3) for men (Tamari et al., 2006).  
Possibly explaining the discrepancy between age and angle correlation in Tamari et al.’s 
study and the study by Decker et al. is the source of the sample. While Tamari et al. used live 
subjects, Decker, et al. used a sample consisting of CT scans from femoral fracture patients 
(Tamari et al. 2006; Decker et al. 2013). As these individuals have already suffered a fracture, 
even using the opposite, healthy femur may result in a higher number of pathologies than a 
sample of individuals who have never experienced a fracture. An earlier study by Miller et al. 
tested the difference between measurements taken by the Kingsley-Olmsted method (dry femora) 
and CT scans (Miller et al., 1993). The study found CT scans produce measurements an average 
of five degrees higher (Miller et al., 1993). While in the twenty years since Miller et al. 
compared the two methods CT scans may have improved a great deal, the difference in the 
measurements casts some doubt on studies using CT scans instead of physical measurements.  
A similar article by Koerner et al. is another example of a suspicious study involving CT 
scans in fracture patients as a reliable sample source (Koerner et al., 2013). Contrary to many 
studies’ results, Koerner et al. found no correlation between gender and anteversion angle 
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(Koerner et al., 2013). Additionally, while the study examined racial variance between whites, 
African-Americans, and Latin Americans, no significant variation was reported between these 
groups.  The sample’s distribution in Koerner et al.’s study also casts doubt on the results, as the 
same had over five times as many males as females, three times as many African-Americans as 
other ethnicities, and only seven Hispanic females (Koerner et al., 2013). Whether the 
uninteresting results are the fault of the sample source, the sample distribution, or actual facts is 
difficult to discern. As this is the only study to date investigating the correlation between 
anteversion angles and either African-Americans or Hispanics, hopefully future studies will 
provide more research in the range of ethnic variation. 
Apart from genetic differences, the possibility of developmental differences can impact 
the range of femoral anteversion variation. Bones are plastic structures that respond to 
environmental factors, particularly forces of musculature. If a particular muscle is used 
frequently, the bones to which the muscle is attached will grow and change to accommodate the 
added stress. This process of remodeling can result in both minor and significant structural 
changes in the bone. The femur is the bone of origin and insertion for a variety of muscles, all of 
which can influence its shape and possibly its anteversion as well. Currently, no significant 
literature exists on the correlation between musculature and femoral anteversion. Duthon, et al. 
conducted a study examining anteversion between female dancers and non-dancers, but found no 
significant difference; however, the control group of females were described as “active, healthy 
individuals,” which could result in their having equal musculature to the dancers (Duthon et al., 
2013). The possibility of musculature affecting femoral anteversion still exists and should be 
investigated further in future studies. 
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Clearly, there is still a lot of uncertainty regarding femoral anteversion and its variation 
across populations. While studies rarely agree, enough have found significant variation between 
groups to warrant attention. First and foremost, orthopaedic procedures involving the hip rely 
heavily on accepted standards of anteversion, but these standards are established from primarily 
Caucasian populations. As Jain et al., Srimathi et al., and Tamari et al., demonstrated, there well 
may be significant variation by ethnicity, which may be disadvantaging non-Caucasians 
medically. For surgeons attempting to properly align a femoral neck during hip replacement 
surgery, knowing what to expect based on the age, sex, and ethnicity of the patient and how that 
might affect the angle of their femoral neck would be a huge advantage.  
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Materials and Methods 
 
This research project utilized specimens from the Hamann-Todd Human Osteological 
Collection of the Cleveland Museum of Natural History in Cleveland, Ohio. The collection is the 
legacy of T. W. Todd, an anatomy professor at Case Western Reserve University, and Carl 
Hamann, who was dean of the university’s School of Medicine at the time. Todd gathered the 
specimens from cadavers in the medical school from when it first became legal 1912 until his 
death in 1938. Apart from a vast array of non-human specimens, the collection contains records 
from 3,600 cadavers and more than 3,000 skeletons. Each skeleton is accompanied by detailed 
documentation containing information such as age, sex, ethnicity, height, and weight. Given the 
rarity of such documentation with a large collection, the Hamann-Todd collection is the largest 
documented skeletal collection in the world. Since the 1960s, the Cleveland Museum of Natural 
History has housed the collection, most recently in its Physical Anthropology lab. Permission to 
use the collection was obtained through the curators of the collection, Dr. Yohannes Haile-
Selassie and Lyman M. Jellema.  
 The data used for this study consists of 725 paired femurs3, whose IDs and corresponding 
demographic data can be found in Appendix A. Individual specimens were chosen from the 
Hamann-Todd Collection Database based on sex, ethnicity, and age to constitute a varied sample 
size. For each sub-analysis, a different subset of the overall data set was used. For the male vs. 
female analysis, 100 male and 99 female femurs4, all paired, were included in the data set. For 
the ethnicity analysis, 110 paired femurs identified as black and 98 paired femurs identified as 
                                                
3 ID HTH 1073 had a broken left femur, so only the right femur was measured for the study. This resulted in 725 
instead of 726 femurs for the total tally. 
4 This is the original sample size for the sex analysis. The sample was later expanded due to unexpected results, 
explained in the discussion section. The final count was 140 male and 140 female femurs.  
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white were analyzed. For the analysis addressing age, a total of 683 paired femurs were used. 
This group was then divided into sub-groups of ages, with 54 paired femurs with ages 16-35, 202 
paired femurs with ages 35-50, and 434 paired femurs with ages 50-79. For the analysis of body 
mass index (BMI), 679 paired femurs were used. The documentation on these femurs only 
provided height and weight, from which the BMI for each was computed. The formula used to 
compute BMI is w/h2, with weight in kilograms and height in meters. The Hamann-Todd 
Collection Database presents weight in pound and height in millimeters, so conversions were 
required to fit the format of the formula.  The resulting BMIs ranged from 10 to 40.  Within each 
study sample, a variety of secondary variables (i.e. sex, race, and age) were maintained. The IDs 
of each specimens used in each study are included in Appendices B-E.    
The data source is primarily in the form of photographs. Given the short duration for on-
site work in Cleveland, photographs were taken and stored to extend the data collection period. 
For the photographs, the Kingsley-Olmsted method was employed, illustrated in Figure 3. Some 
photographs were taken specifically for this study, but a number of the photographs were 
provided by Kathleen Farhang, a Case Western Reserve University School of Medicine student 
who was working simultaneously on a similar project. In either case, the femurs were laid 
horizontal on a velvet covered flat surface with a metal meter stick below for horizontality. The 
Cleveland Museum of Natural History Physical Anthropology Lab’s digital camera system was 
then used to take the photographs.  
 From the photographs, measurements were taken using the National Institute of Health 
program, ImageJ 64; this software has an angle measurement feature with accuracy of one 
thousandth. Angles were drawn according to Kingsley Olmsted methodology, which uses a 
horizontal line parallel to the condyles and a midline angle of the neck. As a precise midline 
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could not be measured in the software, an approximate midline was used for the angle 
measurement. To counteract the error associated with this approximation, each femur was 
measured a total of three times and then averaged for a more accurate measurement. Only the 
averages were used in analyses, and are thus the only measurements accompanying this paper; 
however, individual measurements are available upon request. 
 In addition to photographic analysis, the fifth sub-analysis of osteoarthritis prevalence 
involved more physical analysis. Each of the 510 paired femurs was hand checked for signs of 
osteoarthritis. Since osteoarthritis is characterized by physical changes in the bone that are easily 
seen, a visual analysis is adequate for assessing the presence of osteoarthritis. Morphological 
changes associated with osteoarthritis include lipping of the bone at the knee (both the distal 
femur and proximal tibia), bubbling in the surface texture of the bone, and deformities in the 
shape of the articular surface of the femoral condyles and the corresponding tibial plateau 
(White, 2000). Additionally, the presence of eburnation5 is a telltale feature of osteoarthritis. 
While there is a range of manifestations of osteoarthritis, only those with significant alterations 
were considered to have osteoarthritis. Figures 4-5 provide a visual reference for the degree of 
alteration required for a diagnosis in this study. As osteoarthritis can present any time from 
roughly the age of 40 onward, both middle aged and older specimens were used in this study. To 
allow proper time for physical evidence of osteoarthritis, no subjects under the age of 45 were 
examined. A full list of specimens used in this study and their corresponding demographics are 
presented in Appendix F.    
  
                                                
5 Eburnation is polished, ivory-like areas of bone resulting from the wearing of exposed 
subchondral bone. A visual representation of eburnation can be seen in Figure 6.  
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Data Analysis and Statistical Methods 
 
The data were first organized according to each variable being tested. The statistical 
analyses were done using the program Stata. Output from the program will be presented in the 
following results section. 
For the sex analysis, the measurements were divided by male vs. female and again by 
right vs. left. The data were then analyzed using a simple unpaired T-test. The males were used 
as the standard against which the females were tested, to best compare to the existing literature. 
Separate T-tests were done to test right male femurs against right female femurs, left male 
femurs vs. left female femurs, and all male femurs against all female femurs. A p-value of 0.05 
was required for significance.  
For the study examining ethnicity, a similar approach was implemented. Measurements 
were divided according to ethnicity (black or white), and then further separated by left and right. 
Three simple unpaired T-tests were again used, with left black femurs against left white femurs, 
right black femurs against right white femurs, and all black femurs vs. all white femurs. Whites 
were used as the standard, as all studies to date have either used whites as the standard or not 
included blacks in sample. A p-value of 0.05 was required for significance.  
For the study on osteoarthritis, the measurements were divided into two subsamples, 
those determined to have osteoarthritis and those without. The averages of these two samples 
were then compared using two simple unpaired T-tests, separating left vs. right. A p-value of 
0.05 was required for significance.  
Given the continuous nature of the age analysis, a linear regression was used. The ages 
were sorted into ascending order and then used as the independent variables. The corresponding 
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measurements for each age were used for the dependent variables. The regression then tested for 
any correlation between age and the value of the angle of femoral anteversion.  
The BMI analysis was similar to that used for analyzing age. The BMIs were first sorted 
into ascending order and then used as the independent variables in a linear regression, with the 
corresponding angle measurements used as the depending variables. The linear regression then 
tested for any correlation between BMI and the value of femoral anteversion. 
These tests do rely upon several assumptions. First, the T-tests used for the sex, ethnicity, 
and osteoarthritis analyses assume the data is normally distributed. Based on a simple line graph 
of the data, the data is relatively normal, with a slight bias toward the upper end. Additionally, 
the age and BMI analyses rely on a linear distribution of the data, which can again be roughly 
illustrated with a simple line graph.  
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Results 
 
Right vs. Left 
 
 
Before doing the analyses by sex, ethnicity, osteoarthritis, age, and BMI, the data were first 
tested in a simple t-test of right femurs vs. left femurs. This test produced a significant result for 
right femurs having greater angles than left femurs, with p-value of 0.0095.  
 
 
Variables:  
RF: right femurs 
LF: left femurs 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean     Std. Err.     Std. Dev.    [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
     RF |        257    14.98593    .5421903    8.691972    13.91821    16.05366 
     LF |        257    13.00675    .6424816    10.29976    11.74152    14.27197 
---------+-------------------------------------------------------------------- 
combined |  514    13.99634    .4221999    9.571935    13.16689    14.82579 
---------+-------------------------------------------------------------------- 
    diff |                  1.979187    .840686        .3275682     3.630805 
------------------------------------------------------------------------------ 
    diff = mean(RFF) - mean(RFM)                                  t =  2.3543 
Ho: diff = 0                                     degrees of freedom =       512 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.9905         Pr(|T| > |t|) = 0.0189          Pr(T > t) = 0.0095 
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Sex Analyses 
 
The results for the sex analysis are divided below into right female femurs vs. right male 
femurs, left female femurs vs. left male femurs, and all female femurs vs. all male femurs. Right 
vs. right produced a significant result for females having a smaller mean than males, with a p-
value of 0.016. Left vs. left was not quite significant for females having a smaller mean than 
males, with a p-value of 0.058. All female vs. all males also produced a significant result for 
females having a smaller mean than males, with a p-value of 0.005. 
 
Right Femurs 
 
Variables:  
RFF: female right femurs 
RFM: male right femurs 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
     RFF |      50    13.71686    1.128697    7.981092    11.44866    15.98506 
     RFM |      50     17.4309    1.285424    9.089321    14.84774    20.01406 
---------+-------------------------------------------------------------------- 
combined |     100    15.57388    .8712129    8.712129     13.8452    17.30256 
---------+-------------------------------------------------------------------- 
    diff |            -3.71404    1.710635               -7.108739   -.3193409 
------------------------------------------------------------------------------ 
    diff = mean(RFF) - mean(RFM)                                  t =  -2.1711 
Ho: diff = 0                                     degrees of freedom =       98 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.0162         Pr(|T| > |t|) = 0.0323          Pr(T > t) = 0.9838 
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Left Femurs 
 
Variables:  
LFF: female left femurs 
LFM: male left femurs 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
     LFF |      49    11.55041    1.412289    9.886022    8.710811    14.39001 
     LFM |      50    15.01222    1.656011    11.70977    11.68434     18.3401 
---------+-------------------------------------------------------------------- 
combined |      99     13.2988    1.098461    10.92955    11.11894    15.47866 
---------+-------------------------------------------------------------------- 
    diff |           -3.461812    2.180177               -7.788861    .8652369 
------------------------------------------------------------------------------ 
    diff = mean(LFF) - mean(LFM)                                  t =  -1.5879 
Ho: diff = 0                                     degrees of freedom =       97 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.0578         Pr(|T| > |t|) = 0.1156          Pr(T > t) = 0.9422 
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All femurs (right and left), divided by sex 
 
Variables: 
Allfem~e: all female femurs 
Allmale: all male femurs 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
allfem~e |      99    12.64458    .9039955    8.994641    10.85063    14.43853 
 allmale |     100    16.22156    1.049927    10.49927    14.13828    18.30484 
---------+-------------------------------------------------------------------- 
combined |     199    14.44206    .7030991    9.918433    13.05553    15.82858 
---------+-------------------------------------------------------------------- 
    diff |           -3.576984    1.386554               -6.311379   -.8425897 
------------------------------------------------------------------------------ 
    diff = mean(allfemale) - mean(allmale)                        t =  -2.5798 
Ho: diff = 0                                     degrees of freedom =      197 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.0053         Pr(|T| > |t|) = 0.0106          Pr(T > t) = 0.9947 
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Ethnicity Analyses 
 
 
In all three analyses of ethnicity (right vs. right, left vs. left, and all black femurs vs. all 
white femurs), no results were significant.  
 
Right Femurs 
 
Variables: 
RFB: black right femurs 
RFW: white right femurs 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
     RFB |      55    16.30622    1.276199    9.464544    13.74759    18.86484 
     RFW |      49     15.0528    1.104889    7.734224    12.83127    17.27432 
---------+-------------------------------------------------------------------- 
combined |     104    15.71566    .8505356    8.673795    14.02883     17.4025 
---------+-------------------------------------------------------------------- 
    diff |            1.253422    1.707738               -2.133867    4.640712 
------------------------------------------------------------------------------ 
    diff = mean(RFB) - mean(RFW)                                  t =   0.7340 
Ho: diff = 0                                     degrees of freedom =      102 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.7677         Pr(|T| > |t|) = 0.4647          Pr(T > t) = 0.2323 
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Left Femurs 
 
Variables: 
LFB: black left femurs 
RFB: white left femurs 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
     LFB |      55    13.73375    1.481859    10.98976     10.7628    16.70469 
     LFW |      49    12.97114    1.529899    10.70929    9.895076    16.04721 
---------+-------------------------------------------------------------------- 
combined |     104    13.37444    1.060263    10.81261    11.27166    15.47722 
---------+-------------------------------------------------------------------- 
    diff |            .7626026    2.133115               -3.468421    4.993626 
------------------------------------------------------------------------------ 
    diff = mean(LFB) - mean(LFW)                                  t =   0.3575 
Ho: diff = 0                                     degrees of freedom =      102 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.6393         Pr(|T| > |t|) = 0.7215          Pr(T > t) = 0.3607 
 
 
All femurs (right and left), divided by ethnicity 
 
Variables: 
Allblack: all black femurs 
Allwhite: all white femurs 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
allblack |     110    15.01998    .9810982    10.28984    13.07548    16.96449 
allwhite |      98    14.01197    .9446332    9.351392    12.13713     15.8868 
---------+-------------------------------------------------------------------- 
combined |     208    14.54505    .6828476    9.848168    13.19883    15.89128 
---------+-------------------------------------------------------------------- 
    diff |            1.008012     1.36949               -1.692002    3.708026 
------------------------------------------------------------------------------ 
    diff = mean(allblack) - mean(allwhite)                        t =   0.7360 
Ho: diff = 0                                     degrees of freedom =      206 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.7687         Pr(|T| > |t|) = 0.4625          Pr(T > t) = 0.2313 
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Osteoarthritis Analyses 
 
The analysis of osteoarthritis was also divided into right femurs without osteoarthritis vs. 
right femurs with osteoarthritis, and left femurs without osteoarthritis vs. left femurs with 
osteoarthritis. Neither test found significant results, however.  
 
Right Femurs 
 
Variables: 
RFY: right femurs with osteoarthritis 
RFN: right femurs without osteoarthritis 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
     RFY |      57    13.69228    1.210544    9.139407    11.26727    16.11729 
     RFN |     193    15.50317    .6190358     8.59992    14.28218    16.72415 
---------+-------------------------------------------------------------------- 
combined |     250    15.09028    .5527873    8.740334    14.00155    16.17902 
---------+-------------------------------------------------------------------- 
    diff |           -1.810885    1.315232               -4.401333     .779563 
------------------------------------------------------------------------------ 
    diff = mean(RFY) - mean(RFN)                                  t =  -1.3769 
Ho: diff = 0                                     degrees of freedom =      248 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.0849         Pr(|T| > |t|) = 0.1698          Pr(T > t) = 0.9151 
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Left Femurs 
 
Variables: 
LFY: left femurs with osteoarthritis 
LFN: left femurs without osteoarthritis 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
     LFY |      57    13.39644    1.428322     10.7836    10.53517    16.25771 
     LFN |     193    13.19927     .702953    9.765735    11.81277    14.58578 
---------+-------------------------------------------------------------------- 
combined |     250    13.24423    .6314983    9.984864    12.00047    14.48799 
---------+-------------------------------------------------------------------- 
    diff |             .197164    1.508186               -2.773323    3.167651 
------------------------------------------------------------------------------ 
    diff = mean(LFY) - mean(LFN)                                  t =   0.1307 
Ho: diff = 0                                     degrees of freedom =      248 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.5520         Pr(|T| > |t|) = 0.8961          Pr(T > t) = 0.4480 
 
All Femurs 
 
Variables: 
Yes: all femurs with osteoarthritis 
No: all femurs without osteoarthritis 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
     Yes |     114    13.54436    .9321042     9.95215    11.69769    15.39103 
      No |     270    14.77024    .5626886    9.245916    13.66241    15.87808 
---------+-------------------------------------------------------------------- 
combined |     384    14.40631     .482988    9.464593    13.45667    15.35595 
---------+-------------------------------------------------------------------- 
    diff |           -1.225885    1.056665               -3.303492    .8517224 
------------------------------------------------------------------------------ 
    diff = mean(Yes) - mean(No)                                   t =  -1.1601 
Ho: diff = 0                                     degrees of freedom =      382 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.1234         Pr(|T| > |t|) = 0.2467          Pr(T > t) = 0.8766 
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Age Analysis 
 
The linear regression of femoral anteversion angle by age produced a significant 
coefficient of -0.113, with a confidence interval of -0.172 to -0.055.  
 
 
      Source |       SS              df       MS              Number of obs =     683 
-------------+------------------------------           F(  1,   681) =   14.62 
       Model |  1382.64377     1  1382.64377           Prob > F      =  0.0001 
    Residual |  64424.4589   681  94.6027296           R-squared     =  0.0210 
-------------+------------------------------           Adj R-squared =  0.0196 
       Total |  65807.1027   682  96.4913529           Root MSE      =  9.7264 
 
------------------------------------------------------------------------------ 
         ANG |      Coef.       Std. Err.        t        P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
         AGE |  -.1133858   .0296589    -3.82   0.000    -.1716198   -.0551519 
       _cons |   20.21219   1.610648    12.55   0.000     17.04976    23.37462 
------------------------------------------------------------------------------ 
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BMI Analyses 
 
The linear regression of right anteversion angles by BMI produced a coefficient of 0.104 
with a confidence interval of -0.130 to 0.338.  The corresponding linear regression of left 
anteversion angles by BMI produced a coefficient of -0.021 with a confidence interval of -0.284 
to 0.243. Given the inclusion of zero in both of these confidence intervals, these coefficients 
were not significant.  
 
 
Right Femurs 
 
 
      Source |       SS       df       MS              Number of obs =     340 
-------------+------------------------------           F(  1,   338) =    0.77 
       Model |   65.036644     1   65.036644           Prob > F      =  0.3821 
    Residual |  28704.8881   338  84.9257044           R-squared     =  0.0023 
-------------+------------------------------           Adj R-squared = -0.0007 
       Total |  28769.9247   339  84.8670346           Root MSE      =  9.2155 
 
------------------------------------------------------------------------------ 
           R |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
         BMI |   .1039462   .1187816     0.88   0.382    -.1296981    .3375905 
       _cons |   13.30697   2.257837     5.89   0.000     8.865792    17.74816 
------------------------------------------------------------------------------ 
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Left Femurs 
 
      Source |       SS       df       MS              Number of obs =     339 
-------------+------------------------------           F(  1,   337) =    0.02 
       Model |   2.5580605     1   2.5580605           Prob > F      =  0.8772 
    Residual |  36066.7231   337  107.022917           R-squared     =  0.0001 
-------------+------------------------------           Adj R-squared = -0.0029 
       Total |  36069.2811   338   106.71385           Root MSE      =  10.345 
 
------------------------------------------------------------------------------ 
           L |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
-------------+---------------------------------------------------------------- 
         BMI |  -.0206934   .1338487    -0.15   0.877    -.2839775    .2425908 
       _cons |   13.64724   2.546541     5.36   0.000     8.638125    18.65636 
------------------------------------------------------------------------------ 
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Discussion 
 
The results presented above present interesting conclusions, some expected and some 
startling. The first test of right femur angles vs. left femur angles provided promising results, 
with right femur angles significantly larger than left femurs. This result is consistent with 
Kingsley and Olmsted’s results in 1948, where they also found right femur angles to be 
significantly larger than those of left femurs; however, the results conflict with Jain et al., 2003, 
who concluded left femurs to have more anteversion than right femurs.   
Further conflicting with existing literature are the results of the sex analyses. As stated 
previously in the literature review, most studies thus far have concluded a correlation between 
females and higher anteversion angles. The studies that found no correlation generally find 
females to have a higher average, even if it was not statistically significant. This study found 
females to have significantly less anteversion than males, in stark contrast to the existing 
literature. Given the highly significant results of the sex analyses, two additional analyses were 
completed to prevent a false claim. First, the data were stratified by sex and ethnicity 
simultaneously, to ensure no interaction between the two variables. Angles were divided into 
right and left male black femurs, male white femurs, female black femurs, and female white 
femurs. T-tests were then used to test for any significant difference in the means of right black 
male and right white male anteversion angles, right black female and right white female angles, 
with the same groupings repeated the same for the left angles. The table below presents the 
results of these analyses, in which no significant interactions were noted.  
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Black Right Male Femurs vs. White Right Male Femurs 
 
Variables: 
BRM: Black male right femurs 
WRM: White male right femurs 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
     BRM |      26    18.30023    2.058451    10.49608    14.06077    22.53969 
     WRM |      24    16.48913    1.506653    7.381063    13.37238    19.60587 
---------+-------------------------------------------------------------------- 
combined |      50     17.4309    1.285424    9.089321    14.84774    20.01406 
---------+-------------------------------------------------------------------- 
    diff |            1.811106    2.586393               -3.389186    7.011398 
------------------------------------------------------------------------------ 
    diff = mean(BRM) - mean(WRM)                                  t =   0.7002 
Ho: diff = 0                                     degrees of freedom =       48 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.7564         Pr(|T| > |t|) = 0.4872          Pr(T > t) = 0.2436 
 
 
Black Left Male Femurs vs. White Left Male Femurs 
 
Variables: 
BLM: Black male left femurs 
WLM: White male left femurs 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
     BLM |      26    16.48927    2.376371    12.11716    11.59504     21.3835 
     WLM |      24    13.41208    2.303904    11.28678    8.646096    18.17807 
---------+-------------------------------------------------------------------- 
combined |      50    15.01222    1.656011    11.70977    11.68434     18.3401 
---------+-------------------------------------------------------------------- 
    diff |            3.077186    3.319442                  -3.597    9.751371 
------------------------------------------------------------------------------ 
    diff = mean(BLM) - mean(WLM)                                  t =   0.9270 
Ho: diff = 0                                     degrees of freedom =       48 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.8207         Pr(|T| > |t|) = 0.3586          Pr(T > t) = 0.1793 
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Black Right Female Femurs vs. White Right Female Femurs 
 
Variables: 
BRF: Black female right femurs 
WRF: White female right femurs 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
     BRF |      25    14.55244     1.70174    8.508699    11.04022    18.06466 
     WRF |      25    12.88128    1.499296    7.496479    9.786885    15.97567 
---------+-------------------------------------------------------------------- 
combined |      50    13.71686    1.128697    7.981092    11.44866    15.98506 
---------+-------------------------------------------------------------------- 
    diff |             1.67116    2.267996               -2.888952    6.231272 
------------------------------------------------------------------------------ 
    diff = mean(BRF) - mean(WRF)                                  t =   0.7368 
Ho: diff = 0                                     degrees of freedom =       48 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.7676         Pr(|T| > |t|) = 0.4648          Pr(T > t) = 0.2324 
 
 
Black Left Female Femurs vs. White Left Female Femurs 
 
Variables: 
BLF: Black female left femurs 
WLF: White female left femurs 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
     BLF |      25    10.76432    1.929718    9.648589    6.781578    14.74706 
     WLF |      24    12.36925    2.096139    10.26894    8.033055    16.70544 
---------+-------------------------------------------------------------------- 
combined |      49    11.55041    1.412289    9.886022    8.710811    14.39001 
---------+-------------------------------------------------------------------- 
    diff |            -1.60493    2.845449               -7.329235    4.119375 
------------------------------------------------------------------------------ 
    diff = mean(BLF) - mean(WLF)                                  t =  -0.5640 
Ho: diff = 0                                     degrees of freedom =       47 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.2877         Pr(|T| > |t|) = 0.5754          Pr(T > t) = 0.7123 
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After no interactions were found between sex and ethnicity combined, a larger sample 
size was then used to further test the conclusions found in the original sex analyses. Using a new 
sample size of 279, the original t-tests for right vs. right, left vs. left, and all female vs. all male 
were then run again. These tests again produced a significant value for females having less 
anteversion than males in the right vs. right test, with a p-value of 0.031. The left vs. left test 
provided no significant results; however the all female vs. all male results were again significant, 
with a p-value of 0.012. The full results are presented below.  
 
Right Femurs 
 
Variables: 
RFF: female right femurs 
RFM: male right femurs 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
     RFF |      70    13.95444    .8993184    7.524238    12.16035    15.74853 
     RFM |      70     16.7216    1.170108    9.789829     14.3873     19.0559 
---------+-------------------------------------------------------------------- 
combined |     140    15.33802    .7445378     8.80949    13.86594     16.8101 
---------+-------------------------------------------------------------------- 
    diff |           -2.767157     1.47578               -5.685223    .1509082 
------------------------------------------------------------------------------ 
    diff = mean(RFF) - mean(RFM)                                  t =  -1.8750 
Ho: diff = 0                                     degrees of freedom =      138 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.0314         Pr(|T| > |t|) = 0.0629          Pr(T > t) = 0.9686 
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Left Femurs 
 
Variables:  
LFF: Female left femurs 
LFM: Male left femurs 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
     LFF |      69    12.17919    1.167451    9.697573    9.849577     14.5088 
     LFM |      70    14.66484    1.316896    11.01794    12.03771    17.29198 
---------+-------------------------------------------------------------------- 
combined |     139    13.43096    .8838813    10.42081    11.68326    15.17866 
---------+-------------------------------------------------------------------- 
    diff |           -2.485654    1.761494               -5.968887    .9975779 
------------------------------------------------------------------------------ 
    diff = mean(LFF) - mean(LFM)                                  t =  -1.4111 
Ho: diff = 0                                     degrees of freedom =      137 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.0802         Pr(|T| > |t|) = 0.1605          Pr(T > t) = 0.9198 
 
 
All femurs (right and left), divided by sex 
 
Variables: 
Allfem~e: All female femurs 
Allmale: All male femurs 
 
Two-sample t test with equal variances 
------------------------------------------------------------------------------ 
Variable |     Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval] 
---------+-------------------------------------------------------------------- 
allfem~e |     139     13.0732    .7367077    8.685656    11.61651     14.5299 
 allmale |     140    15.69322    .8819687    10.43559    13.94941    17.43703 
---------+-------------------------------------------------------------------- 
combined |     279    14.38791    .5792778    9.675848    13.24758    15.52823 
---------+-------------------------------------------------------------------- 
    diff |            -2.62002    1.149927               -4.883727   -.3563134 
------------------------------------------------------------------------------ 
    diff = mean(allfemale) - mean(allmale)                        t =  -2.2784 
Ho: diff = 0                                     degrees of freedom =      277 
 
    Ha: diff < 0                 Ha: diff != 0                 Ha: diff > 0 
 Pr(T < t) = 0.0117         Pr(|T| > |t|) = 0.0235          Pr(T > t) = 0.9883 
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While the p-values from the second round of tests are less significant than in the smaller 
sample size, the results are still too significant to ignore. Several factors could explain the 
discrepancy between this study’s results and others’. First, there is always the chance of a false 
positive when conducting research involving randomness. While a one percent chance is low, 
there still exists the possibility that the data of this study are presenting a false correlation 
between females and smaller angles of anteversion. That aside, there is a ninety-nine percent 
chance that there exists some relationship between females and smaller angles.  
The femurs used in this study were chosen from a collection in Cleveland, most of whose 
specimens were also collected in the area. Perhaps there is an environmental factor among 
female residents of the Cleveland area and smaller angles of anteversion. Furthermore, before the 
passage of laws requiring the signed release of human remains for scientific use, collections 
primarily gained remains from unclaimed bodies at surrounding hospitals. The Hamann-Todd 
collection was amassed in a time before the ethics of this practice came into question, resulting 
in lower class individuals’ remains comprising the bulk of the collection (Hunt, 2014). As the 
lower class typically fills more physically intensive occupations, the change in musculature 
associated with physical labor could influence the angle of anteversion in these individuals. As 
mentioned in the literature review, some speculate a correlation between physical labor and 
smaller angles of anteversion. Specifically, Jain et al. hypothesized the increase in floor-level 
activities results in a smaller anteversion angle in Indian femora. Additionally, while the study in 
dancers vs. non-dancers did not find a significant difference, they did report angles close to those 
found in this study, with an average of 12.2 +/- 6 degrees (Duthon, et al. 2013). As all of these 
females were physically active individuals, Duthon et al.’s study could represent a correlation 
between smaller angles of anteversion and physical activity. The unusual correlation between 
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females and small angles in this study could be due to a similar influence of increased physical 
activity.  
The results in the ethnicity and BMI studies, while not significant, are not discouraging 
either. These studies merely answer the questions surrounding possible variation associated with 
these two factors. Based on these results, surgeons should not worry about treating patients 
differently based on whether they are black, white, thin, or obese. However, as this study 
primarily uses remains from hospitals, the range of BMIs was notably smaller than that seen in 
the full population. The average BMI used in this study was 18.5, which is significantly smaller 
than the current average American’s BMI of 26.6 (26.5 for females).6 While this study did have 
BMIs as high as 40.1, the majority of small BMIs may have influenced the results. A study 
encompassing even larger BMIs would be beneficial to determine if morbid obesity has a role in 
anteversion variation. Also, as this study only compared whites and blacks, further investigations 
are needed to determine any variation in other ethnicities.  
Additionally, the significant coefficient in the age analysis is of note. Given the 
conflicted nature of the literature, a significant result for anteversion angle decreasing with age is 
an important find. This study’s find is in contrast Decker et al., who proposed no correlation 
between age and anteversion angle. However, Tamari et al. found a significant correlation (p-
value  <0.05) between age and anteversion angle in Japanese subjects. Tamari et al. attributed 
smaller angles in older individuals to age-related changes in the range of hip rotation. Smaller 
angles have also been associated with osteoarthritis in a study by Moussa in 1994; smaller angles 
in the elderly would also correspond with the increase of osteoarthritis in aging populations.  
                                                
6 From the CDC’s National Health and Nutrition Examination Survey: 
http://www.cdc.gov/nchs/data/nhanes/databriefs/adultweight.pdf 
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The lack of significance in the osteoarthritis may be due to one of two factors. Most 
evident, there may be no correlation between anteversion angles and osteoarthritis. Without 
anteversion angles factoring into the development of osteoarthritis, physicians are free to look to 
other risk factors, such as sex or physical wear. An alternative explanation is the relatively small 
sample size of femurs with osteoarthritis (57 specimens out of a sample size of 250), which may 
have influenced the results. The right femur study had a p-value of 0.085 for femurs with 
osteoarthritis having less anteversion than those without, which is not far from a 0.05 cut-off 
value. As mentioned in the discussion of age-related changes in anteversion angles, smaller 
angles have been associated with an increase in osteoarthritis. A future study larger sample size 
may find more significant results.  
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Conclusion 
 
This study tested the influence of sex, ethnicity, age, and BMI on femoral anteversion. 
Given the unexpected results in the sex analyses, future studies should explore the potential for 
dimorphic variation further. It may be that the variation observed in any given sample is 
indicative of occupational variation rather than sexual dimorphism. Studies on samples including 
occupational differences (i.e., active vs. sedentary occupations) could explore this possibility 
further. Additionally, the inverse relationship between age and anteversion angle is something 
surgeons should consider in their execution of hip replacements, especially given the older 
demographic of patients typically receiving this procedure. Implementing smaller angles of 
anteversion in elderly patients could shorten recovery and improve mobility post-surgery.  
 The complex nature of the knee and its parts open the doors for an array of variation. 
Small morphological differences in any part of the structure can result in significant 
physiological changes. These morphological changes could be due to genetics or environmental 
causes, necessitating studies examining all compounding factors. This study only examined 
variation by a few factors, leaving plenty more areas open for further research. Studies 
encompassing more ethnicities or a larger range of BMI could be exceptionally useful, as could 
entirely different studies examining variation by occupation, activity level, or childhood 
environmental factors. However, the expansive amount of future topics should not overshadow 
the importance of this study. The results of this study should be compared to the existing 
literature and then considered by physicians for use in their treatment of patients suffering from 
lower limb dysfunction, as their angle of anteversion may be a contributing factor.  
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Figural Appendix 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Diagram of the four-bar linkage system by which the femur and tibia articulate during 
flexion of the knee (Dye, 1897). 
 
 
Figure 2. Diagram of the Burmester Curve and the placement of the medial/lateral collateral 
ligaments and the anterior/posterior cruciate ligaments (Dye, 1897).  
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Figure 3. Kingsley-Olmsted method of measuring femoral anteversion, represented by one of the 
photos used in this study. The condyles are parallel with the bottom edge of the silver meter 
stick, allowing an angle to be drawn between the midline of the femoral neck and the edge of the 
meter stick equivalent to the angle of anteversion. Photo credit: Kathleen Farhang.  
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Figure 4. Visual representation of morphologic changes used to visually diagnose osteoarthritis 
 
 
 
 
 
Figure 5. Visual representation of morphologic changes used to visually diagnose osteoarthritis 
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Figure 6. Eburnation can be seen in the shiny, ivory-like patch of bone on the medial condyle. 
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Appendix A 
Study IDs and Demographic Data 
 
Study ID Sex Ethnic Origin Age 
HTH 0024 Male White 72 
HTH 0028 Male White 53 
HTH 0044 Male White 23 
HTH 0050 Male White 50 
HTH 0096 Male White 51 
HTH 0152 Female Black 70 
HTH 0195 Male White 50 
HTH 0202 Male White 52 
HTH 0212 Male White 57 
HTH 0218 Male White 50 
HTH 0219 Male White 55 
HTH 0220 Male White 60 
HTH 0224 Male White 74 
HTH 0239 Male White 61 
HTH 0241 Male Black 58 
HTH 0263 Male White 50 
HTH 0264 Male White 51 
HTH 0265 Male White 50 
HTH 0269 Female White 25 
HTH 0270 Male White 55 
HTH 0281 Female White 53 
HTH 0283 Male White 65 
HTH 0303 Male White 55 
HTH 0304 Male White 50 
HTH 0306 Female White 34 
HTH 0309 Male White 55 
HTH 0311 Female White 56 
HTH 0312 Male White 60 
HTH 0322 Male White 50 
HTH 0329 Male White 67 
HTH 0335 Male White 50 
HTH 0340 Female White 72 
HTH 0362 Male White 60 
HTH 0400 Male Black 56 
HTH 0466 Female White 62 
HTH 0527 Female White 16 
HTH 0528 Male Black 50 
HTH 0612 Female Black 36 
HTH 0748 Female White 68 
HTH 0751 Female Black 65 
HTH 0839 Female Black 60 
HTH 0842 Male Black 53 
HTH 0847 Male Black 50 
HTH 0860 Male Black 23 
HTH 0862 Male Black 23 
HTH 0868 Female Black 60 
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HTH 0911 Male Black 58 
HTH 0932 Male Black 54 
HTH 0964 Male Black 20 
HTH 1012 Female Black 18 
HTH 1073 Female White 65 
HTH 1094 Male Black 28 
HTH 1138 Male Black 72 
HTH 1185 Male Black 59 
HTH 1305 Male Black 50 
HTH 1327 Male White 28 
HTH 1328 Female Black 19 
HTH 1364 Male Black 52 
HTH 1365 Male Black 51 
HTH 1367 Female Black 72 
HTH 1368 Male Black 53 
HTH 1369 Female White 25 
HTH 1370 Male Black 70 
HTH 1383 Male Black 46 
HTH 1413 Female White 72 
HTH 1426 Female White 60 
HTH 1429 Male Black 50 
HTH 1452 Male Black 60 
HTH 1469 Male White 61 
HTH 1476 Male Black 44 
HTH 1479 Male Black 60 
HTH 1480 Male Black 50 
HTH 1482 Male Black 40 
HTH 1494 Female White 45 
HTH 1513 Male Black 48 
HTH 1515 Female Black 26 
HTH 1520 Male White 40 
HTH 1525 Male White 45 
HTH 1532 Male Black 48 
HTH 1554 Female White 62 
HTH 1563 Male Black 66 
HTH 1572 Male White 47 
HTH 1582 Male White 44 
HTH 1600 Female Black 28 
HTH 1601 Female White 48 
HTH 1612 Male White 29 
HTH 1617 Female Black 22 
HTH 1618 Male Black 39 
HTH 1622 Female Black 27 
HTH 1623 Male White 33 
HTH 1624 Male Black 45 
HTH 1627 Male Black 48 
HTH 1634 Male White 45 
HTH 1648 Male Black 53 
HTH 1665 Male Black 105 
HTH 1674 Male White 66 
HTH 1675 Female White 48 
HTH 1748 Female Black 44 
HTH 1749 Female Black 42 
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HTH 1752 Female White 48 
HTH 1760 Female White 70 
HTH 1762 Female White 61 
HTH 1767 Female White 77 
HTH 1771 Female White 54 
HTH 1781 Female Black 48 
HTH 1786 Female Black 45 
HTH 1787 Female Black 40 
HTH 1811 Female White 73 
HTH 1850 Female White 65 
HTH 1856 Female Black 45 
HTH 1921 Female White 48 
HTH 1979 Male Black 42 
HTH 1996 Male White 40 
HTH 2024 Female Black 40 
HTH 2027 Female White 50 
HTH 2039 Female Black 65 
HTH 2059 Female Black 49 
HTH 2065 Female Black 19 
HTH 2082 Female White 42 
HTH 2096 Female Black 43 
HTH 2099 Female Black 45 
HTH 2104 Male Black 20 
HTH 2115 Female Black 45 
HTH 2120 Female Black 43 
HTH 2127 Female Black 51 
HTH 2139 Female White 75 
HTH 2140 Female Black 40 
HTH 2147 Female Black 65 
HTH 2188 Female White 75 
HTH 2209 Female Black 23 
HTH 2244 Female Black 41 
HTH 2258 Male Black 42 
HTH 2261 Male White 77 
HTH 2263 Male Black 46 
HTH 2266 Male Black 44 
HTH 2267 Male Black 44 
HTH 2268 Male White 44 
HTH 2277 Male Black 45 
HTH 2282 Female White 62 
HTH 2285 Male Black 45 
HTH 2286 Male White 64 
HTH 2287 Male White 54 
HTH 2288 Female Black 41 
HTH 2298 Female Black 40 
HTH 2300 Male Black 57 
HTH 2301 Male Black 40 
HTH 2304 Male White 70 
HTH 2317 Male Black 66 
HTH 2318 Male White 46 
HTH 2320? Male Black 31 
HTH 2321 Male Black 63 
HTH 2323 Male Black 53 
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HTH 2325 Male White 75 
HTH 2327 Male Black 52 
HTH 2339 Male Black 52 
HTH 2342 Female Black 40 
HTH 2343 Male White 50 
HTH 2344 Male Black 42 
HTH 2348 Male Black 47 
HTH 2350 Male Black 51 
HTH 2358 Male Black 60 
HTH 2365 Female White 78 
HTH 2366 Male Black 68 
HTH 2369 Male Black 51 
HTH 2380 Female Black 58 
HTH 2386 Female White 71 
HTH 2389 Male White 62 
HTH 2392 Male White 65 
HTH 2401 Male White 22 
HTH 2404 Female Black 60 
HTH 2405 Male White 60 
HTH 2412 Male Black 40 
HTH 2424 Male White 50 
HTH 2425 Male White 52 
HTH 2427 Male Black 40 
HTH 2428 Male White 45 
HTH 2430 Male Black 49 
HTH 2435 Male White 48 
HTH 2446 Male Black 42 
HTH 2447 Male White 70 
HTH 2448 Male White 46 
HTH 2450 Male Black 60 
HTH 2452 Male White 42 
HTH 2453 Male Black 43 
HTH 2454 Male White 21 
HTH 2457 Male White 44 
HTH 2458 Male Black 49 
HTH 2495 Male White 45 
HTH 2496 Female White 67 
HTH 2497 Male White 47 
HTH 2498 Male White 56 
HTH 2500 Male White 70 
HTH 2501 Male White 79 
HTH 2502 Male Black 40 
HTH 2519 Male Black 44 
HTH 2520 Female Black 58 
HTH 2521 Male White 65 
HTH 2534 Male Black 50 
HTH 2536 Male White 53 
HTH 2538 Male Black 40 
HTH 2542 Male White 63 
HTH 2557 Male Black 51 
HTH 2559 Male White 54 
HTH 2560 Male White 52 
HTH 2579 Male White 55 
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HTH 2580 Male White 40 
HTH 2585 Male White 49 
HTH 2598 Male White 45 
HTH 2599 Male White 63 
HTH 2603 Male White 58 
HTH 2604 Male Black 63 
HTH 2605 Male White 47 
HTH 2621 Female Black 50 
HTH 2622 Male White 50 
HTH 2623 Male White 64 
HTH 2624 Male White 40 
HTH 2625 Male White 59 
HTH 2638 Male White 46 
HTH 2639 Male Black 47 
HTH 2642 Male Black 78 
HTH 2643 Male Black 62 
HTH 2644 Male White 73 
HTH 2658 Male White 56 
HTH 2659 Male Black 43 
HTH 2660 Female Black 51 
HTH 2663 Male White 59 
HTH 2664 Male White 50 
HTH 2665 Male Black 67 
HTH 2679 Male Black 42 
HTH 2682 Male White 55 
HTH 2683 Male White 41 
HTH 2684 Male Black 50 
HTH 2688 Male White 59 
HTH 2702 Male White 54 
HTH 2705 Male White 78 
HTH 2706 Female Black 54 
HTH 2707 Male White 64 
HTH 2721 Male White 60 
HTH 2722 Male Black 54 
HTH 2724 Male White 47 
HTH 2725 Male White 55 
HTH 2726 Male White 64 
HTH 2728 Male Black 50 
HTH 2730 Male White 45 
HTH 2744 Male Black 42 
HTH 2745 Male White 62 
HTH 2746 Male Black 65 
HTH 2748 Male Black 55 
HTH 2750 Male White 78 
HTH 2762 Male Black 61 
HTH 2764 Male White 44 
HTH 2765 Male White 65 
HTH 2766 Male White 55 
HTH 2768 Female Black 52 
HTH 2770 Male White 78 
HTH 2782 Male Black 53 
HTH 2785 Male White 71 
HTH 2788 Male White 74 
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HTH 2803 Male Black 43 
HTH 2807 Male Black 52 
HTH 2808 Male White 65 
HTH 2809 Male White 76 
HTH 2810 Male White 43 
HTH 2825 Male White 67 
HTH 2826 Male White 47 
HTH 2828 Male Black 65 
HTH 2849 Male Black 47 
HTH 2870 Male White 52 
HTH 2871 Male Black 61 
HTH 2873 Male White 62 
HTH 2874 Male Black 57 
HTH 2876 Male White 52 
HTH 2877 Male White 68 
HTH 2894 Male White 60 
HTH 2896 Male White 66 
HTH 2897 Male White 50 
HTH 2898 Male White 47 
HTH 2900 Male Black 44 
HTH 2915 Male White 41 
HTH 2916 Male Black 54 
HTH 2917 Male White 62 
HTH 2920 Female White 42 
HTH 2936 Male White 65 
HTH 2938 Male White 51 
HTH 2940 Male Black 48 
HTH 2943 Male White 53 
HTH 2957 Male White 75 
HTH 2958 Male White 56 
HTH 2959 Male White 43 
HTH 2960 Male Black 56 
HTH 2961 Male Black 42 
HTH 2962 Male White 42 
HTH 2964 Male Black 60 
HTH 2983 Male White 51 
HTH 2984 Male White 65 
HTH 2985 Male Black 42 
HTH 2987 Male White 65 
HTH 2988 Male Black 51 
HTH 2989 Male White 62 
HTH 2990 Female White 73 
HTH 3005 Male Black 63 
HTH 3008 Male Black 41 
HTH 3009 Male White 44 
HTH 3010 Male White 62 
HTH 3028 Male White 61 
HTH 3030 Male Black 45 
HTH 3034 Male White 59 
HTH 3051 Male White 70 
HTH 3054 Male White 57 
HTH 3057 Male White 61 
HTH 3058 Female Black 55 
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HTH 3075 Male Black 76 
HTH 3076 Male White 70 
HTH 3082 Male White 50 
HTH 3100 Male White 57 
HTH 3103 Male White 46 
HTH 3115 Male White 57 
HTH 3118 Female White 54 
HTH 3122 Male White 67 
HTH 3124 Male White 66 
HTH 3138 Male White 41 
HTH 3139 Male White 45 
HTH 3140 Female White 53 
HTH 3141 Male Black 43 
HTH 3143 Male White 45 
HTH 3145 Male White 58 
HTH 3146 Male White 57 
HTH 3162 Male White 66 
HTH 3163 Male Black 57 
HTH 3164 Female White 61 
HTH 3167 Male White 54 
HTH 3187 Male White 64 
HTH 3188 Male Black 77 
HTH 3202 Male White 62 
HTH 3206 Male White 66 
HTH 3208 Male White 47 
HTH 3225 Male White 65 
HTH 3242 Male White 58 
HTH 3244 Female White 50 
HTH 3245 Male Black 62 
HTH 3246 Male White 50 
HTH 3264 Male White 53 
HTH 3268 Male Black 45 
HTH 3269 Female Black 42 
HTH 3283 Female White 66 
HTH 3284 Male White 67 
HTH 3285 Male White 44 
HTH 3288 Female Black 65 
HTH 3289 Male Black 48 
HTH 3293 Male White 70 
HTH 3309 Male Black 49 
HTH 3311 Male Black 54 
HTH 3315 Male White 56 
HTH 3316 Male White 60 
HTH 3335 Male White 66 
HTH 3338 Female White 66 
HTH 3339 Male White 65 
HTH 3340 Female White 45 
HTH 3356 Male Black 51 
HTH 3358 Male Black 46 
HTH 3360 Male Black 70 
HTH 3391 Female Black 53 
HTH 3392 Male White 68 
HTH 3393 Male White 54 
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HTH 3395 Male Black 40 
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Appendix B 
Sex Study IDs 
 
Male IDs Females IDs 
HTH 0024 HTH 1305 HTH 0152 HTH 1921 
HTH 0028 HTH 1364 HTH 0281 HTH 2024 
HTH 0050 HTH 1365 HTH 0311 HTH 2027 
HTH 0096 HTH 1368 HTH 0340 HTH 2039 
HTH 0195 HTH 1370 HTH 0466 HTH 2059 
HTH 0202 HTH 1383 HTH 0748 HTH 2082 
HTH 0212 HTH 1429 HTH 0612 HTH 2096 
HTH 0218 HTH 1452 HTH 0751 HTH 2099 
HTH 0219 HTH 1476 HTH 0839 HTH 2115 
HTH 0220 HTH 1479 HTH 0868 HTH 2120 
HTH 0224 HTH 1480 HTH 1073 HTH 2127 
HTH 0239 HTH 1482 HTH 1367 HTH 2139 
HTH 0241 HTH 1563 HTH 1413 HTH 2140 
HTH 0263 HTH 1513 HTH 1426 HTH 2147 
HTH 0264 HTH 1532 HTH 1469 HTH 2188 
HTH 0265 HTH 1563 HTH 1494 HTH 2244 
HTH 0270 HTH 1627 HTH 1600 HTH 2282 
HTH 0283 HTH 2261 HTH 1601 HTH 2365 
HTH 0303 HTH 2286 HTH 1617 HTH 2380 
HTH 0304 HTH 2287 HTH 1622 HTH 2386 
HTH 0309 HTH 2300 HTH 1665 HTH 2404 
HTH 0312 HTH 2304 HTH 1675 HTH 2496 
HTH 0322 HTH 2317 HTH 1748 HTH 2520 
HTH 0329 HTH 2321 HTH 1749 HTH 2621 
HTH 0335 HTH 2323 HTH 1752 HTH 2660 
HTH 1627 HTH 2325 HTH 1760 HTH 2768 
HTH 0400 HTH 2327 HTH 1762 HTH 2990 
HTH 0528 HTH 2339 HTH 1767 HTH 3058 
HTH 0842 HTH 2343 HTH 1771 HTH 3118 
HTH 0847 HTH 2350 HTH 1781 HTH 3140 
HTH 0911 HTH 2358 HTH 1786 HTH 3164 
HTH 0932 HTH 2366 HTH 1787 HTH 3283 
HTH 1094 HTH 2369 HTH 1811 HTH 3288 
HTH 1138 HTH 2389 HTH 1850 HTH 3338 
HTH 1185 HTH 2392 HTH 1856 HTH 3391 
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Appendix C 
Ethnicity Study IDs 
 
White IDs Black IDs 
HTH 0024 HTH 0748 HTH 2039 HTH 1479 
HTH 0028 HTH 1073 HTH 0152 HTH 1480 
HTH 0050 HTH 1413 HTH 0241 HTH 1482 
HTH 0096 HTH 1426 HTH 0400 HTH 1513 
HTH 0195 HTH 1494 HTH 0528 HTH 1532 
HTH 0202 HTH 1601 HTH 0606 HTH 1563 
HTH 0212 HTH 1665 HTH 0751 HTH 1600 
HTH 0218 HTH 1675 HTH 0839 HTH 1617 
HTH 0219 HTH 1752 HTH 0842 HTH 1618 
HTH 0224 HTH 1760 HTH 0868 HTH 1622 
HTH 0239 HTH 1762 HTH 0911 HTH 1624 
HTH 0263 HTH 1767 HTH 0847 HTH 1627 
HTH 0264 HTH 1771 HTH 0932 HTH 1648 
HTH 0265 HTH 1811 HTH 1094 HTH 1749 
HTH 0270 HTH 1850 HTH 1138 HTH 1748 
HTH 0281 HTH 1921 HTH 1185 HTH 1781 
HTH 0283 HTH 2027 HTH 1305 HTH 1786 
HTH 0303 HTH 2082 HTH 1364 HTH 1787 
HTH 0304 HTH 2139 HTH 1365 HTH 1856 
HTH 0309 HTH 2188 HTH 1367 HTH 2024 
HTH 0311 HTH 2244 HTH 1368 HTH 2059 
HTH 0312 HTH 2282 HTH 1370 HTH 2096 
HTH 0322  HTH 1383 HTH 2099 
HTH 0329  HTH 1429 HTH 2115 
HTH 0335  HTH 1452 HTH 2120 
HTH 0340  HTH 1469 HTH 2127 
HTH 0466  HTH 1476 HTH 2140 
  HTH 2147 HTH 2258 
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Appendix D 
Age Study IDs 
 
Study ID Study ID Study ID Study ID Study ID Study ID Study ID Study ID 
HTH 0527 HTH 1012 HTH 1328 HTH 2065 HTH 0964 HTH 2104 HTH 2873 HTH 2496 
HTH 2454 HTH 1617 HTH 2301 HTH 0044 HTH 0860 HTH 0862 HTH 2917 HTH 2825 
HTH 3122 HTH 3284 HTH 0748 HTH 1515 HTH 1674 HTH 1622 HTH 2989 HTH 3122 
HTH 1094 HTH 1327 HTH 1600 HTH 1612 HTH 1554 HTH 2320 HTH 3010 HTH 3284 
HTH 1623 HTH 0306 HTH 1618 HTH 1482 HTH 1520 HTH 1996 HTH 3202 HTH 0748 
HTH 2024 HTH 2298 HTH 2301 HTH 2342 HTH 2412 HTH 2427 HTH 3245 HTH 2366 
HTH 2502 HTH 2538 HTH 2580 HTH 2624 HTH 3395 HTH 2244 HTH 2321 HTH 2877 
HTH 2288 HTH 2683 HTH 2915 HTH 3008 HTH 3138 HTH 1749 HTH 2542 HTH 3392 
HTH 1979 HTH 2082 HTH 2258 HTH 2344 HTH 2446 HTH 2452 HEH 2599 HTH 0152 
HTH 2679 HTH 2744 HTH 2920 HTH 2961 HTH 2962 HTH 2985 HTH 2694 HTH 1370 
HTH 3269 HTH 2453 HTH 2659 HTH 2803 HTH 2810 HTH 2959 HTH 3005 HTH 1760 
HTH 3141 HTH 1476 HTH 1582 HTH 1748 HTH 2266 HTH 2267 HTH 2286 HTH 2304 
HTH 2268 HTH 2457 HTH 2519 HTH 2764 HTH 2900 HTH 3009 HTH 2623 HTH 2447 
HTH 3285 HTH 1494 HTH 1525 HTH 1624 HTH 1634 HTH 1786 HTH 2707 HTH 2500 
HTH 1856 HTH 2277 HTH 2285 HTH 2428 HTH 2495 HTH 2598 HTH 2726 HTH 3051 
HTH 2730 HTH 3030 HTH 3139 HTH 3143 HTH 3268 HTH 3340 HTH 3187 HTH 3076 
HTH 2263 HTH 2318 HTH 2248 HTH 2638 HTH 3103 HTH 3358 HTH 0283 HTH 3293 
HTH 1572 HTH 2348 HTH 2497 HTH 2605 HTH 2639 HTH 2724 HTH 0751 HTH 3360 
HTH 2826 HTH 2849 HTH 2898 HTH 3208 HTH 1513 HTH 1532 HTH 1073 HTH 2386 
HTH 1601 HTH 1627 HTH 1675 HTH 1752 HTH 2435 HTH 2940 HTH 1469 HTH 2785 
HTH 3289 HTH 2430 HTH 2458 HTH 2585 HTH 3309 HTH 0050 HTH 1665 HTH 0024 
HTH 0195 HTH 0218 HTH 0263 HTH 0265 HTH 0394 HTH 0322 HTH 2392 HTH 0340 
HTH 0335 HTH 0847 HTH 1305 HTH 1429 HTH 1480 HTH 2343 HTH 2521 HTH 1138 
HTH 2424 HTH 2534 HTH 2621 HTH 2622 HTH 2664 HTH 2684 HTH 2746 HTH 1367 
HTH 2728 HTH 2897 HTH 3082 HTH 3244 HTH 3246 HTH 0096 HTH 2765 HTH 1413 
HTH 0264 HTH 1365 HTH 2350 HTH 2369 HTH 2557 HTH 2660 HTH 2808 HTH 1383 
HTH 2665 HTH 2938 HTH 2988 HTH 2983 HTH 3356 HTH 0202 HTH 2828 HTH 2644 
HTH 1364 HTH 2327 HTH 2339 HTH 2425 HTH 2560 HTH 2768 HTH 2936 HTH 2990 
HTH 2807 HTH 2870 HTH 2876 HTH 0028 HTH 0281 HTH 0842 HTH 2984 HTH 0224 
HTH 1368 HTH 1648 HTH 2323 HTH 2536 HTH 2782 HTH 2943 HTH 2987 HTH 2788 
HTH 3140 HTH 3264 HTH 2291 HTH 0932 HTH 2287 HTH 2559 HTH 3225 HTH 2325 
HTH 2702 HTH 2706 HTH 2722 HTH 2916 HTH 3118 HTH 3167 HTH 3288 HTH 2957 
HTH 3311 HTH 3393 HTH 0219 HTH 0270 HTH 0303 HTH 0309 HTH 3339 HTH 2809 
HTH 2579 HTH 2682 HTH 2725 HTH 2748 HTH 2766 HTH 3058 HTH 1563 HTH 3075 
HTH 0311 HTH 0400 HTH 2498 HTH 2658 HTH 2958 HTH 2960 HTH 2317 HTH 2261 
HTH 3315 HTH 0212 HTH 2300 HTH 2874 HTH 3054 HTH 3100 HTH 2896 HTH 3188 
HTH 3115 HTH 3146 HTH 3163 HTH 0241 HTH 0911 HTH 2380 HTH 3124 HTH 2365 
HTH 2520 HTH 2603 HTH 3145 HTH 3242 HTH 1185 HTH 2625 HTH 3162 HTH 2642 
HTH 2663 HTH 2688 HTH 3034 HTH 0312 HTH 0362 HTH 0839 HTH 3206 HTH 2705 
HTH 0868 HTH 1426 HTH 1452 HTH 1479 HTH 2358 HTH 2404 HTH 3283 HTH 2750 
HTH 2405 HTH 2450 HTH 2721 HTH 2894 HTH 2964 HTH 3316 HTH 3335 HTH 2770 
HTH 0239 HTH 1762 HTH 2762 HTH 2871 HTH 3028 HTH 3057 HTH 3338 HTH 2501 
HTH 3164 HTH 0466 HTH 2282 HTH 2389 HTH 2643 HTH 2745 HTH 0329  
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Appendix E 
BMI Study IDs 
 
Study ID BMI Study ID BMI Study ID BMI 
HTH 0152 26.57795065 HTH 1185 19.37137119 HTH 1665 28.56557337 
HTH 0195 24.9613063 HTH 1305 20.88960423 HTH 1674 19.05469542 
HTH 0218 16.14812745 HTH 1327 17.33500646 HTH 1675 16.16741455 
HTH 0219 23.80148715 HTH 1328 11.55305639 HTH 1748 22.24903573 
HTH 0224 22.81270481 HTH 1364 14.31432553 HTH 1749 19.65739066 
HTH 0241 18.81233985 HTH 1365 16.55910581 HTH 1752 23.92292311 
HTH 0263 24.86811627 HTH 1367 15.21729148 HTH 1760 18.14950171 
HTH 0264 24.80608727 HTH 1368 19.02722358 HTH 1762 17.86588003 
HTH 0265 21.71889855 HTH 1369 16.08722569 HTH 1786 20.80108858 
HTH 0269 19.49049714 HTH 1370 19.11384022 HTH 1856 18.04063443 
HTH 0270 19.3704831 HTH 1383 14.55741757 HTH 1979 17.96968946 
HTH 0281 34.35527759 HTH 1413 18.17263339 HTH 1996 20.62567436 
HTH 0283 22.46517567 HTH 1426 17.36426109 HTH 2024 14.56567111 
HTH 0303 23.64405582 HTH 1429 20.23267729 HTH 2027 14.35376842 
HTH 0304 20.94169088 HTH 1452 22.41914966 HTH 2039 17.0451 
HTH 0306 20.13971989 HTH 1469 20.50197556 HTH 2059 21.12029823 
HTH 0309 29.29413803 HTH 1476 21.21807726 HTH 2065 15.33251164 
HTH 0311 21.94772982 HTH 1479 17.74176232 HTH 2082 22.87294365 
HTH 0312 21.94772982 HTH 1480 16.34256432 HTH 2096 17.89337374 
HTH 0322 23.74837171 HTH 1482 19.28640045 HTH 2099 19.19407859 
HTH 0329 22.16630233 HTH 1494 22.01051156 HTH 2104 22.81197187 
HTH 0335 24.22219117 HTH 1513 19.85582542 HTH 2115 40.14984515 
HTH 0362 23.51542481 HTH 1515 20.50812186 HTH 2120 17.75136284 
HTH 0400 24.90757625 HTH 1520 21.76476025 HTH 2127 20.24967064 
HTH 0466 23.63074286 HTH 1525 23.42584423 HTH 2139 18.03282761 
HTH 0527 22.02385235 HTH 1532 19.13457143 HTH 2140 19.63327856 
HTH 0748 23.48505304 HTH 1554 20.94255363 HTH 2188 19.35759456 
HTH 0751 17.97070939 HTH 1563 19.97246521 HTH 2209 14.07156295 
HTH 0839 22.39542005 HTH 1572 17.77657222 HTH 2244 14.0731634 
HTH 0842 21.64701126 HTH 1582 21.50359558 HTH 2258 19.17586045 
HTH 0847 22.525689 HTH 1600 21.15644606 HTH 2261 19.67657683 
HTH 0860 16.43269017 HTH 1601 22.55351929 HTH 2263 21.64472052 
HTH 0862 18.21193642 HTH 1612 23.69671826 HTH 2266 29.43904916 
HTH 0868 33.72058329 HTH 1617 17.99220497 HTH 2267 20.84110779 
HTH 0911 19.58146547 HTH 1618 21.4655163 HTH 2268 17.11856686 
HTH 0932 21.07623383 HTH 1622 18.72223195 HTH 2277 15.97608588 
HTH 0964 17.66592794 HTH 1623 22.74287335 HTH 2282 16.42719342 
HTH 1012 11.17922002 HTH 1624 22.96315704 HTH 2285 18.80972417 
HTH 1073 11.80455583 HTH 1627 19.02281209 HTH 2286 13.18413497 
HTH 1094 16.70951039 HTH 1634 23.17886545 HTH 2287 17.70327694 
HTH 1138 27.91527302 HTH 1648 22.23158248 HTH 2288 17.2200004 
HTH 2298 21.42272973 HTH 2458 18.49264024 HTH 2665 16.10232492 
HTH 2300 22.46274785 HTH 2495 23.97071797 HTH 2679 16.33045173 
HTH 2301 19.0195297 HTH 2496 18.53344676 HTH 2682 21.35066765 
HTH 2304 20.8050174 HTH 2497 31.97480532 HTH 2683 20.29816736 
HTH 2317 16.98978329 HTH 2498 17.59954588 HTH 2684 13.22483421 
HTH 2318 19.19733998 HTH 2500 21.76476025 HTH 2688 19.75361504 
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HTH 2320 17.1548963 HTH 2501 19.8480062 HTH 2702 22.22451888 
HTH 2321 20.60295161 HTH 2502 19.11108712 HTH 2705 15.49158663 
HTH 2323 21.77398103 HTH 2519 14.45200313 HTH 2706 12.64706186 
HTH 2325 14.75251043 HTH 2520 16.09927327 HTH 2707 24.60921356 
HTH 2327 19.13622892 HTH 2521 17.4192175 HTH 2721 15.40636259 
HTH 2339 17.60783503 HTH 2534 19.63910268 HTH 2722 16.36823103 
HTH 2342 20.59742034 HTH 2536 14.48142549 HTH 2724 16.93611507 
HTH 2343 18.35630008 HTH 2538 22.62554285 HTH 2725 18.75875778 
HTH 2344 16.36823103 HTH 2542 17.76040081 HTH 2726 19.23738393 
HTH 2348 19.02553584 HTH 2557 15.67286059 HTH 2728 18.26284368 
HTH 2350 14.0524458 HTH 2559 15.99974168 HTH 2730 14.52147532 
HTH 2358 23.94361819 HTH 2560 14.46215709 HTH 2744 13.43474623 
HTH 2365 12.38327113 HTH 2579 23.57695433 HTH 2745 12.62668528 
HTH 2366 15.6053562 HTH 2580 15.90847874 HTH 2746 16.0489322 
HTH 2369 21.87092965 HTH 2585 14.07736648 HTH 2748 17.70837024 
HTH 2380 28.56518532 HTH 2598 15.88713777 HTH 2750 17.71476404 
HTH 2386 20.43671715 HTH 2599 20.42378848 HTH 2762 19.19829805 
HTH 2389 19.49342584 HTH 2603 17.72241968 HTH 2764 11.16268657 
HTH 2392 17.65742845 HTH 2604 16.5980455 HTH 2765 14.37290095 
HTH 2401 19.26199559 HTH 2605 15.39645313 HTH 2766 16.63148065 
HTH 2405 23.30933923 HTH 2621 18.93478703 HTH 2768 17.11689443 
HTH 2412 19.42273351 HTH 2622 24.53667067 HTH 2770 15.5487136 
HTH 2424 21.11420187 HTH 2623 23.90384061 HTH 2782 19.21296549 
HTH 2425 16.95485515 HTH 2624 17.3925174 HTH 2785 13.95277253 
HTH 2427 18.24184392 HTH 2625 18.86181752 HTH 2788 20.11648611 
HTH 2428 19.92579922 HTH 2638 15.45727948 HTH 2803 13.13990799 
HTH 2430 14.81837214 HTH 2639 14.83144567 HTH 2807 12.80987431 
HTH 2435 12.36395531 HTH 2642 16.37989255 HTH 2808 23.90597459 
HTH 2446 13.26937474 HTH 2643 16.66991104 HTH 2809 24.29898979 
HTH 2447 21.59086211 HTH 2644 14.84014023 HTH 2810 15.4590534 
HTH 2448 13.93224868 HTH 2658 25.47898697 HTH 2825 17.08463369 
HTH 2450 17.21265631 HTH 2659 19.9604976 HTH 2826 13.26031713 
HTH 2452 13.97833153 HTH 2660 23.25330352 HTH 2828 16.07039186 
HTH 2453 14.35262095 HTH 2663 21.08524873 HTH 2849 20.02069257 
HTH 2454 19.81688323 HTH 2664 22.94691373 HTH 2870 16.08207932 
HTH 2871 14.3102292 HTH 2940 17.83224241 HTH 3005 19.46684144 
HTH 2873 16.29192461 HTH 2943 17.62880008 HTH 3008 16.30018464 
HTH 2874 16.19939924 HTH 2957 24.81315472 HTH 3009 13.05125489 
HTH 2876 17.05873634 HTH 2958 13.01908843 HTH 3010 17.85081522 
HTH 2877 15.05551972 HTH 2959 13.86296908 HTH 3030 15.18526494 
HTH 2894 16.32974683 HTH 2960 15.44972857 HTH 3034 18.78642033 
HTH 2896 13.41099074 HTH 2961 17.05623497 HTH 3051 22.64592616 
HTH 2897 16.83200683 HTH 2962 15.38149079 HTH 3054 13.99666151 
HTH 2898 16.76373843 HTH 2964 12.09746554 HTH 3057 15.94856007 
HTH 2900 14.69618923 HTH 2983 17.17274275 HTH 3058 18.91458736 
HTH 2915 22.17868683 HTH 2984 15.34536282 HTH 3075 16.833662 
HTH 2916 11.17980893 HTH 2985 30.53253228 HTH 3076 20.50989672 
HTH 2917 14.37183343 HTH 2987 18.61896367 HTH 3082 20.14545104 
HTH 2920 17.55387571 HTH 2988 16.44146016 HTH 3100 14.51595638 
HTH 2936 19.72074536 HTH 2989 11.53111716 HTH 3103 12.25476725 
HTH 2938 16.01623309 HTH 2990 22.0960242 HTH 3115 14.17259954 
HTH 3118 14.07156295 HTH 3143 11.23450461 HTH 3187 12.47869127 
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HTH 3122 24.96925354 HTH 3145 14.95335658 HTH 3188 14.40619524 
HTH 3124 17.68331893 HTH 3146 24.89217088 HTH 3202 18.94160762 
HTH 3138 10.44176547 HTH 3162 16.01240007 HTH 3206 11.23654936 
HTH 3139 15.0469927 HTH 3163 21.28141289 HTH 3208 17.5449254 
HTH 3140 21.1036502 HTH 3164 14.21352914 HTH 3225 21.32050261 
HTH 3141 10.0602047 HTH 3167 12.13142331 HTH 3242 14.02991239 
HTH 3244 17.01334242 HTH 3289 14.88705512 HTH 3356 16.46134586 
HTH 3245 18.55796642 HTH 3293 21.09050905 HTH 3358 12.57911062 
HTH 3246 15.0685422 HTH 3309 15.76723871 HTH 3360 12.76408179 
HTH 3264 20.31220773 HTH 3311 19.99383186 HTH 3391 22.71484793 
HTH 3268 13.45163908 HTH 3315 13.27561603 HTH 3392 15.07166608 
HTH 3269 20.62753491 HTH 3316 22.93435968 HTH 3393 19.99503649 
HTH 3283 10.79486879 HTH 3335 12.214992 HTH 3395 18.91837741 
HTH 3284 13.61331177 HTH 3338 25.50092634 HTH 3288 21.95047329 
HTH 3285 17.44169776 HTH 3339 16.23203637 HTH 3340 10.71421107 
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Appendix F 
Osteoarthritis Study IDs 
 
With OA With OA Without OA Without OA Without OA Without OA Without OA 
HTH 1513 HTH 1563 HTH 0024 HTH 1429 HTH 1781 HTH 2938 HTH 2498 
HTH 0309 HTH 1073 HTH 0028 HTH 1452 HTH 1786 HTH 2983 HTH 2958 
HTH 0400 HTH 1811 HTH 0050 HTH 1476 HTH 1787 HTH 3356 HTH 2960 
HTH 0281 HTH 2622 HTH 0096 HTH 1479 HTH 1856 HTH 2327 HTH 3315 
HTH 0839 HTH 2706 HTH 0195 HTH 1480 HTH 2024 HTH 2339 HTH 2300 
HTH 1469 HTH 3051 HTH 0202 HTH 1482 HTH 2027 HTH 2425 HTH 3054 
HTH 2728 HTH 2990 HTH 0212 HTH 1532 HTH 2039 HTH 2560 HTH 3100 
HTH 2660 HTH 0264 HTH 0218 HTH 0152 HTH 2059 HTH 2768 HTH 3146 
HTH 2988 HTH 0322 HTH 0219 HTH 0311 HTH 2082 HTH 2807 HTH 3163 
HTH 2782 HTH 2447 HTH 0220 HTH 0340 HTH 2096 HTH 2870 HTH 2520 
HTH 2658 HTH 2365 HTH 0224 HTH 0466 HTH 2099 HTH 2876 HTH 2603 
HTH 2380 HTH 2987 HTH 0239 HTH 0748 HTH 2115 HTH 2323 HTH 3145 
HTH 2358 HTH 1921 HTH 0241 HTH 0612 HTH 2120 HTH 2536 HTH 3242 
HTH 2405 HTH 2808 HTH 0263 HTH 0751 HTH 2127 HTH 2943 HTH 2625 
HTH 2721 HTH 2825 HTH 0265 HTH 0868 HTH 2139 HTH 3140 HTH 2663 
HTH 2762 HTH 3392 HTH 0270 HTH 1367 HTH 2140 HTH 3391 HTH 2688 
HTH 3187 HTH 0312 HTH 0283 HTH 1413 HTH 2188 HTH 2287 HTH 3034 
HTH 2746 HTH 1383 HTH 0304 HTH 1426 HTH 2244 HTH 2559 HTH 2450 
HTH 2765 HTH 1767 HTH 0329 HTH 1494 HTH 2343 HTH 2702 HTH 2894 
HTH 2936  HTH 0335 HTH 1600 HTH 2424 HTH 2722 HTH 2964 
HTH 3288  HTH 0528 HTH 1601 HTH 2534 HTH 3167 HTH 3316 
HTH 3206  HTH 0847 HTH 1617 HTH 2621 HTH 3311 HTH 2871 
HTH 3338  HTH 0911 HTH 1622 HTH 2664 HTH 3393 HTH 3028 
HTH 2366  HTH 0932 HTH 1675 HTH 2684 HTH 2579 HTH 3057 
HTH 3076  HTH 1094 HTH 1748 HTH 2897 HTH 2682 HTH 3164 
HTH 3360  HTH 1305 HTH 1749 HTH 3082 HTH 2725 HTH 2282 
HTH 2788  HTH 1365 HTH 1752 HTH 3246 HTH 2748 HTH 2389 
HTH 1665  HTH 1368 HTH 1760 HTH 2350 HTH 2766 HTH 2643 
HTH 2325  HTH 1370 HTH 1762 HTH 2369 HTH 3058 HTH 2745 
HTH 2916  HTH 2321 HTH 1771 HTH 2557 HTH 2665 HTH 2873 
HTH 2874  HTH 2542 HTH 2917 HTH 2989 HTH 3010 HTH 3245 
HTH 2623  HTH 2599 HTH 2392 HTH 3339 HTH 3283 HTH 2877 
HTH 0842  HTH 2604 HTH 2521 HTH 2317 HTH 3335 HTH 2304 
HTH 1850  HTH 3005 HTH 2828 HTH 2896 HTH 2496 HTH 2500 
HTH 2404  HTH 2707 HTH 2984 HTH 3124 HTH 3122 HTH 3293 
HTH 2644  HTH 2726 HTH 3225 HTH 3162 HTH 3284 HTH 2386 
HTH 1138  HTH 2785 HTH 3075 HTH 2147 HTH 2770 HTH 1627 
HTH 1185  HTH 2957 HTH 3188 HTH 2705 HTH 2501 HTH 3115 
HTH 1364  HTH 2809 HTH 2642 HTH 2750 HTH 0303 HTH 2286 
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Appendix G 
All Study IDs and Corresponding Measurements 
 
Study ID 
Right Average 
Measurement 
Left Average 
Measurement 
HTH 0024 21.77 17.485 
HTH 0028 25.14 26.731 
HTH 0044 20.268 19.72 
HTH 0050 20.468 14.273 
HTH 0096 18.53 25.994 
HTH 0152 3.535 10.628 
HTH 0195 15.467 3.282 
HTH 0202 5.271 14.246 
HTH 0212 15.758 10.727 
HTH 0218 15.747 5.945 
HTH 0219 14.988 4.719 
HTH 0220 7.721 3.606 
HTH 0224 19.555 13.255 
HTH 0239 25.223 20.451 
HTH 0241 2.757 -2.227 
HTH 0263 28.929 21.261 
HTH 0264 27.564 31.266 
HTH 0265 23.092 27.488 
HTH 0269 23.647 10.102 
HTH 0270 11.445 3.151 
HTH 0281 16.381 33.412 
HTH 0283 9.927 13.591 
HTH 0303 16.983 9.063 
HTH 0304 20.008 30.786 
HTH 0306 23.131 24.319 
HTH 0309 8.418 0.719 
HTH 0311 5.636 11.925 
HTH 0312 14.84 18.431 
HTH 0322 10.412 2.891 
HTH 0329 19.861 18.479 
HTH 0335 -1.378 -15.95 
HTH 0340 8.962 5.705 
HTH 0362 18.231 15.753 
HTH 0400 4.523 23.203 
HTH 0466 17.091 15.956 
HTH 0527 30.994 29.306 
HTH 0528 24.205 24.234 
HTH 0612 18.102 7.663 
HTH 0748 25.792 19.472 
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HTH 0751 24.407 17.291 
HTH 0839 8.202 -1.146 
HTH 0842 29.526 26.213 
HTH 0847 15.399 26.709 
HTH 0860 26.883 10.36 
HTH 0862 37.106 16.428 
HTH 0868 24.72 13.086 
HTH 0911 20.286 31.902 
HTH 0932 21.535 18.852 
HTH 0964 32.06 19.905 
HTH 1012 1.179 -3.039 
HTH 1073 -0.265 Broken 
HTH 1094 38.989 22.496 
HTH 1138 24.085 28.335 
HTH 1185 26.85 28.989 
HTH 1305 18.721 -3.773 
HTH 1327 30.664 34.806 
HTH 1328 17.021 18.702 
HTH 1364 2.924 17.862 
HTH 1365 5.552 1.513 
HTH 1367 10.738 21.929 
HTH 1368 2.068 14.779 
HTH 1369 20.321 28.742 
HTH 1370 10.243 0.439 
HTH 1383 14.675 11.314 
HTH 1413 15.475 11.429 
HTH 1426 0.11 -2.811 
HTH 1429 28.743 27.391 
HTH 1452 25.609 35.081 
HTH 1469 -1.957 -4.705 
HTH 1476 15.858 11.126 
HTH 1479 17.49 15.188 
HTH 1480 24.39 8.436 
HTH 1482 35.796 -1.221 
HTH 1494 24.461 24.308 
HTH 1513 6.572 4.828 
HTH 1520 10.444 -0.922 
HTH 1525 7.164 6.512 
HTH 1532 8.385 4.571 
HTH 1554 0.31 14.042 
HTH 1563 22.368 16.892 
HTH 1572 30.594 25.013 
HTH 1582 20.369 -3.215 
HTH 1600 10.528 8.56 
HTH 1601 11.515 4.833 
Variation in Femoral Anteversion 
 66 
HTH 1612 35.573 12.604 
HTH 1617 16.675 20.234 
HTH 1618 17.457 5.541 
HTH 1622 18.201 3.25 
HTH 1623 7.124 12.819 
HTH 1624 24.488 16.252 
HTH 1627 28.257 35.589 
HTH 1634 6.766 1.198 
HTH 1648 14.647 13.465 
HTH 1665 20.796 -1.513 
HTH 1674 24.242 12.588 
HTH 1675 13.253 12.2 
HTH 1748 24.317 20.787 
HTH 1749 -0.318 -4.602 
HTH 1752 19.478 14.633 
HTH 1760 -3.829 -6.134 
HTH 1762 11.7 5.236 
HTH 1767 14.554 6.61 
HTH 1771 16.786 31.668 
HTH 1781 16.992 19.306 
HTH 1786 7.578 12.733 
HTH 1787 6.233 6.017 
HTH 1811 10.561 17.494 
HTH 1850 9.368 7.139 
HTH 1856 15.37 3.353 
HTH 1921 5.733 7.84 
HTH 1979 17.947 13.943 
HTH 1996 25.335 16.468 
HTH 2024 13.866 31.593 
HTH 2027 15.162 27.666 
HTH 2039 21.381 14.34 
HTH 2059 29.865 18.59 
HTH 2065 16.216 29.875 
HTH 2082 13.861 5.201 
HTH 2096 12.692 1.441 
HTH 2099 28.463 19.548 
HTH 2104 19.17 15.471 
HTH 2115 10.855 -7.556 
HTH 2120 18.407 13.316 
HTH 2127 18.999 14.28 
HTH 2139 21.44 16.606 
HTH 2140 5.96 9.172 
HTH 2147 10.105 23.892 
HTH 2188 9.012 8.313 
HTH 2209 21.193 35.598 
Variation in Femoral Anteversion 
 67 
HTH 2244 18.999 19.674 
HTH 2258 8.63 6.04 
HTH 2261 4.849 8.306 
HTH 2263 33.171 0.121 
HTH 2266 5.013 22.461 
HTH 2267 18.537 8.642 
HTH 2268 18.932 16.093 
HTH 2277 -0.514 1.815 
HTH 2282 27.537 20.44 
HTH 2285 20.718 21.94 
HTH 2286 11.181 10.9 
HTH 2287 14.474 6.532 
HTH 2288 24.918 8.121 
HTH 2298 25.513 30.843 
HTH 2300 55.83 31.193 
HTH 2301 8.331 16.691 
HTH 2304 15.846 8.565 
HTH 2317 13.506 9.181 
HTH 2318 20.741 10.478 
HTH 2321 8.182 10.583 
HTH 2323 14.76 12.255 
HTH 2325 11.382 20.243 
HTH 2327 16.452 18.37 
HTH 2339 13.125 3.552 
HTH 2342 20.454 25.138 
HTH 2343 4.863 9.608 
HTH 2344 24.711 16.392 
HTH 2348 16.177 4.208 
HTH 2350 11.391 10.044 
HTH 2358 10.401 23.82 
HTH 2365 10.402 13.553 
HTH 2366 19.411 21.925 
HTH 2369 14.457 16.233 
HTH 2380 10.659 11.25 
HTH 2386 10.061 5.376 
HTH 2389 4.056 0.37 
HTH 2392 4.176 1.767 
HTH 2401 22.637 14.639 
HTH 2404 18.853 7.637 
HTH 2405 15.063 21.547 
HTH 2412 20.11 12.811 
HTH 2424 12.742 20.03 
HTH 2425 16.126 16.708 
HTH 2427 14.235 15.653 
HTH 2428 -3.365 -6.988 
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HTH 2430 9.704 10.726 
HTH 2435 4.043 8.237 
HTH 2446 8.815 3.509 
HTH 2447 8.239 11.1 
HTH 2448 12.764 8.735 
HTH 2450 0.539 -3.431 
HTH 2452 6.241 1.503 
HTH 2453 27.491 17.402 
HTH 2454 17.483 23.302 
HTH 2457 6.709 16.815 
HTH 2458 37.91 34.541 
HTH 2495 0.693 10.673 
HTH 2496 6.126 1.814 
HTH 2497 13.084 16.433 
HTH 2498 16.417 25.191 
HTH 2500 10.712 19.604 
HTH 2501 8.661 7.103 
HTH 2502 9.949 13.392 
HTH 2519 13.624 8.722 
HTH 2520 5.632 11.975 
HTH 2521 4.489 -8.453 
HTH 2534 -3.453 2.138 
HTH 2536 22.226 16.373 
HTH 2538 11.398 14.148 
HTH 2542 6.429 7.131 
HTH 2557 10.947 26.73 
HTH 2559 9.945 9.143 
HTH 2560 11.887 8.119 
HTH 2579 14.523 12.166 
HTH 2580 25.405 35.454 
HTH 2585 18.228 21.325 
HTH 2598 20.934 7.135 
HTH 2599 26.529 20.382 
HTH 2603 11.77 6.83 
HTH 2604 13.397 19.994 
HTH 2605 -0.181 8.74 
HTH 2621 19.835 29.05 
HTH 2622 -0.523 4.913 
HTH 2623 10.932 9.835 
HTH 2624 9.95 7.977 
HTH 2625 14.683 2.259 
HTH 2638 6.099 18.726 
HTH 2639 31.18 23.326 
HTH 2642 10.575 7.737 
HTH 2643 28.908 16.703 
Variation in Femoral Anteversion 
 69 
HTH 2644 12.898 1.705 
HTH 2658 -6.49 -16.048 
HTH 2659 16.61 17.429 
HTH 2660 18.677 30.294 
HTH 2663 11.164 13.355 
HTH 2664 32.852 31.605 
HTH 2665 15.606 13.568 
HTH 2679 27.717 31.326 
HTH 2682 29.604 26.501 
HTH 2683 -3.111 12.857 
HTH 2684 15.095 18.087 
HTH 2688 2.48 16.375 
HTH 2702 11.798 20.848 
HTH 2705 15.979 18.483 
HTH 2706 32.592 25.787 
HTH 2707 26.541 20.304 
HTH 2721 29.026 23.218 
HTH 2722 19.696 14.063 
HTH 2724 7.814 14.325 
HTH 2725 -6.24 -0.73 
HTH 2726 26.846 3.43 
HTH 2728 17.809 7.534 
HTH 2730 13.035 17.04 
HTH 2744 15.79 11.96 
HTH 2745 11.057 12.201 
HTH 2746 27.341 14.219 
HTH 2748 19.021 15.037 
HTH 2750 19.977 21.03 
HTH 2762 4.797 10.296 
HTH 2764 5.698 1.933 
HTH 2765 14.372 16.777 
HTH 2766 24.473 14.898 
HTH 2768 12.221 9.88 
HTH 2770 17.87 8.469 
HTH 2782 34.792 26.194 
HTH 2785 5.47 -12.75 
HTH 2788 12.233 10.485 
HTH 2803 19.249 28.618 
HTH 2807 21.366 20.674 
HTH 2808 27.423 23.234 
HTH 2809 19.199 18.427 
HTH 2810 20.07 27.241 
HTH 2825 5.177 20.365 
HTH 2826 7.689 17.361 
HTH 2828 18.492 12.693 
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HTH 2849 15.256 14.074 
HTH 2870 10.755 9.305 
HTH 2871 11.736 4.644 
HTH 2873 8.67 26.579 
HTH 2874 16.329 11.527 
HTH 2876 29.026 30.379 
HTH 2877 -5.237 0.293 
HTH 2894 11.661 20.157 
HTH 2896 7.278 1.325 
HTH 2897 18.526 18.706 
HTH 2898 12.431 -1.079 
HTH 2900 4.343 9.664 
HTH 2915 11.107 10.281 
HTH 2916 19.645 16.259 
HTH 2917 19.03 7.147 
HTH 2920 3.379 2.634 
HTH 2936 7.186 9.415 
HTH 2938 15.423 14.357 
HTH 2940 24.376 18.245 
HTH 2943 26.49 27.707 
HTH 2957 8.269 11.15 
HTH 2958 16.377 10.455 
HTH 2959 4.242 23.111 
HTH 2960 25.415 21.037 
HTH 2961 12.04 4.431 
HTH 2962 6.045 7.634 
HTH 2964 27.361 27.348 
HTH 2983 7.832 12.454 
HTH 2984 7.618 12.604 
HTH 2985 22.923 29.674 
HTH 2987 11.196 6.979 
HTH 2988 16.198 18.935 
HTH 2989 14.144 12.73 
HTH 2990 9.721 9.885 
HTH 3005 6.901 -7.253 
HTH 3008 17.911 10.837 
HTH 3009 2.888 9.004 
HTH 3010 13.031 17.692 
HTH 3028 0.91 -2.254 
HTH 3030 21.097 13.72 
HTH 3034 17.364 15.934 
HTH 3051 5.7 -8.034 
HTH 3054 3.899 9.441 
HTH 3057 26.294 29.879 
HTH 3058 9.289 5.106 
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HTH 3075 21.216 14.328 
HTH 3076 4.944 3.258 
HTH 3082 15.931 9.534 
HTH 3100 13.641 8.934 
HTH 3103 -0.36 9.165 
HTH 3115 6.101 11.333 
HTH 3118 19.299 9.412 
HTH 3122 3.221 10.947 
HTH 3124 9.919 9.758 
HTH 3138 -0.605 -2.069 
HTH 3139 22.507 6.797 
HTH 3140 20.146 20.453 
HTH 3141 20.149 22.543 
HTH 3143 13.732 12.077 
HTH 3145 7.126 2.167 
HTH 3146 15.343 24.032 
HTH 3162 20.714 9.198 
HTH 3163 12.251 21.461 
HTH 3164 25.166 30.775 
HTH 3167 10.664 18.936 
HTH 3187 26.163 31.79 
HTH 3188 13.605 19.516 
HTH 3206 4.361 2.446 
HTH 3208 1.405 -1.421 
HTH 3225 21.226 17.064 
HTH 3242 22.827 10.321 
HTH 3244 14.106 2.335 
HTH 3245 17.424 20.704 
HTH 3246 16.436 15.562 
HTH 3264 19.297 20.327 
HTH 3268 4.476 -9.507 
HTH 3269 26.609 12.962 
HTH 3283 13.041 3.012 
HTH 3284 12.053 12.583 
HTH 3285 11.332 12.014 
HTH 3288 7.417 6.027 
HTH 3289 35.365 45.789 
HTH 3293 28.259 18.542 
HTH 3309 22.772 17.989 
HTH 3311 9.049 3.984 
HTH 3315 27.317 22.637 
HTH 3316 10.544 2.909 
HTH 3335 20.048 12.643 
HTH 3338 21.108 18.785 
HTH 3339 15.67 3.102 
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HTH 3340 32.398 25.828 
HTH 3356 26.76 9.868 
HTH 3358 0.972 4.278 
HTH 3360 8.854 5.293 
HTH 3391 15.673 5.778 
HTH 3392 6.614 19.903 
HTH 3393 20.926 31.578 
HTH 3395 9.419 7.13 
Overall Average 15.173 13.34 
 
